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OBJECTIVE AND SUMMARY OF RESULTS

This ARO grant lasted 36 months and provided support at the level of
$50,000/year. The main objective has been to study the fundamental processes
which lead to the atomization of high pressure jets injected into compressed
gases through single hole nozzles. We think we have identified the mechanism
even though some elements remain unclear. Appendices A-H are copies of technical
publications and are included here to give details of our findings. The
following paragraphs give a general overview of the work. For a more detailed
discussion the reader is invited to consult the above-mentioned appendices.

The range of conditions selected for our experimental study has been exten-
sive and has included those operating conditions which are typical of fuel
injection systems in Diesel and stratified charge engines. The test conditions
have included:

Constant liquid injection pressures in the ranges of 500-2500 psi (APP. A,
B) and 1600-13,300 psi (APP. D).

.Constant gas pressures in the range of 1 atm to 600 psi with air, nitrogen,
helium and xenon (different molecular weights to isolate effects of gas density
and pressure). (APP. A, B, D, E).

Water and water o glycerol injections (103 range in liquid viscosity - APP.
A); Hexane, water and tetradecane (factor of 10 in viscosity, 4 in surface ten-
sion, 1.5 in liquid density); Pentane, hexane, and ethanol (factor of 3 surface

tension, 1.5 liquid density). (APP. A, B, D, E).

21 different nozzles: sharp edge inlet tube nozzles (length to diameter
ratio 0.5 - 85); rounded exit nozzles and cavitation free nozzles (APP. A, B, D,
E).

Liquid temperature: room temperature and 100-2000C (APP. C).

The experimental data consists of some 500 short exposure (30 ns) pho-
tographs showing details of the steady state jet behavior up to 20 nozzle exit
diameters downstream of the nozzle, and of about 60 ultra high speed films (each

* with 60 frames at about 106 frame/s) which show closeup details of the initial
penetration and breakup of high velocity jets in compressed gases.

The experimental results were used to assess jet atomization theories for
high velocity jet breakup, and for breakdup due to thermodynamic instabilities (flash
atomization). In addition, the experimental results have proved useful in

* deriving correlations (APP. A) for the initial spray parameters (such as the jet
spreading angle) which are already being used in engine and spray modeling
computations. (APP. G)

Over the years (mainly since the 1930's) many causes of high velocity jet
atomization have been proposed. These includet jet turbulence - Refs. I and 2;
jet velocity profile rearrangement effects - Ref. 3; instability of nozzle wall
boundary layers - Ref. 4; aerodynamic gas-liquid surface interaction - Refs. 5,
6, and 71 upstream supply pressure oscillations - Ref. 8 and cavitation - Ref.
9.



Progress has been made in the assessment of these and other potential atomiza-
tion mechanisms by comparison with our experiments. In APP. A we demonstrated

* that none of the previously proposed mechanisms, alone, explains the experi-
ments, with the possible exception of cavitation. In APP. D we have shown that
even cavitation by itself is inadequate to explain our measurements. More impor-

tantly, however, we have been able to conclude from the experiments that the
most likely mechanism of high velocity jet atomization is the rapid growth of
unstable surface waves (due to aerodynamics interactions witht the gas) which

p are initially triggered by either cavitation or by unstable nozzle wall boundary
layers, or by both. (APP. E).

This supplemented aerodynamic interactions theory contains an undetermined
constant whose value at present must be found from experiments. In APP. A it is
argued that the magnitude of the constant is determined by the cavitation and/or

* wall boundary layer effects. The results of APP. D further indicate that if the
wall bounday layer effects are important - they are generated at the entrace
and/or within the nozzle. The disruption of the wall boundary layer at the exit
of the nozzle does not seem to be important. The proposed atomization mechanism
has been able to match the experimental trends over the entire range of
operating conditions explored provided that the undetermined constant is allowed
to vary with nozzle design. However, there are still some small discrepancies at
both very low and very high gas densities (APP. D). The theoretical dependence
is derived from a first order perturbation solution of the coupled liquid and
gas conservation equations for an infinite jet (APP. A). The theory does not
account for the flow field within the nozzle, and it is therefore not surprising
that effects due to changes in the nozzle internal design are not predicted. It
is possible, however, that the discrepancies with regard to the high and low gas
density limits, for a given nozzle, may be resolved by retaining some of the
neglected effects in the perturbation solution or by considering a higher order
analysis.

The supplemented aerodynamic theory predicts the jet spreading angle and
* |the initial droplet sizes as the operating conditions are changed. The predic-

tions of drop size at the nozzle have been matched with experimentally measured
droplet sizes (from Ref. 10), some 300 nozzle exit diameters downstream by our
spray modeling computations (Ref. 11).

Progress was also made toward an understanding of the jet breakup process
due to thermodynamic instabilities (APP. C). The experimental results point toe
the importance of the details of heterogeneous nucleation in initiating the
breakup process. Mathematical modeling of nucleation appears to be very complex
(Ref. 12) and our results show that the available correlations are inadequate.
However, for the later process of bubble growth experiments appear to confirm
earlier theories (Ref. 13) that bubble growth is controlled by heat conduction.
In this case agreement with the experimental results has been achieved with a
modification of the theory which includes the bubble temperature at the moment
of jet breakup. Even though flash atomization may be a very attractive tech-
nique for intake manifold fuel injection we have concluded that it is not
likely to be practical for in-cylinder injection and significant in the commonl
used high pressure in-cylinder injection systems. --- 1
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The experimental data and correlations obtained from our measurements of
the atomization process were than used as initial conditions for studies of the

* scaling of sprays, of the similarities between gas and spray jets, and of the
effects of injection pulsations in engine type environments (APP. F. G. H).

Through numerical solutions of appropriate two-dimensional unsteady conser-
vat-ion equations, it is found that transient laminar incompressible jets, tur-
bulent incompressible jets and nonvaporizing and vaporizing sprays reach steady

* state around the back of their head vortices. Thus, for many applications, the
stems of such transient jets can be considered in steady state and steady state
information can be applied to large fractions of transient jets. Equations are
given for the penetration rate of such jets. In particular, an equation is
obtained for the penetration rate of the tip of sprays that compares favorably
with measured ones. Also, scaling laws were obtained that are obeyed by each of

* the three families of jets. Since the laws are somewhat different, no precise
similarity exists among the three types of jet. However, one type of jet can
still be approximpately simulated by another but only with respect to certain
parameters and within definite time and space ranges, given the acceptable error
(APP. F, H).

3 Computations were also made of transient axisymmetric pulsating and eva-
poration sprays that account also for drop collisions and coalescence. It is
found that, for the same upstream and gas conditions, pulsating injections
result in smaller drops than continuous injections. The difference is par-
ticularly marked at high gas densities and is due to the inhibition of colli-
sions and coalescence of drops generated by the gas gap in between the pulses.

* However, the tip penetration rates are not markedly different for continuous and
pulsating injections. For transient evaporating sprays it is found that all
drops except the largest evaporate within a well defined distance from the
injector. Beyond this distance only vaporized liquid and entrained gas continue
the penetration. For engine applications the length of the liquid core is found
to be of the order of centimeters and sensitive to conditions. In particular it

* decreases with increasing injection pressure, gas temperature, and gas density.
The sensitivity of the liquid core length to conditions may explain the dif-
ferent importance attached by different authors to the liquid phase in direct
injection stratified-charge and Diesel engines (APP. G).

!. -
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On the Dependence of Spray
Angle and Other Spray

Parameters on Nozzle Design
and Operating Conditions

R. D. Reitz and F. B. Bracco
Dept. ot Mechanical and Aerospace Engrg.,

Princeton Univ.
Princeton, NJ

IN DIESEL AND OPEN CHAMBER STRATIFIED the liquid and gas phases. The details of the

CHARGE ENGINES, liquid atomization is often combustion process are intimately affected by

achieved by discharging pressurized liquid the spatial and temporal distributions of

fuel through a small orifice, or set of ori- liquid and/or vaporized fuel within the com-

fices, into the compressed combustion chamber bustion chamber, which, in turn, are depend-

gases. The atomization phenomenon then serves enr on the details of the Initial atomization

to increase drastically the surface area of process itself.

the sprayed fuel and leads to increased rates The need for a better understanding of the

of mass, momentum and energy transfer between atomization phenomenon to aid engine design

ABSTRACT

it reaches the exit with no evidence of abrupt

In the Atomization regime, liquid Jets change; the divergence angle (spray angle)

breakup either within the nozzle or immediately increases with increasing gas density, and

upon entering the chamber gas and drops much sharpness of nozzle inlet and with decreasing

smaller than the jet diameter are formed. The liquid viscosity and nozzle length; divergence

mechanism of Atomization, which is presently angle and jet intact length are quasi-steady

unknown, was investigated by the simultaneous with respect to upstream pressure changes which

use of two photographic techniques. The ini- occur on time scales greater than 10 to 30 us;

tial transient was observed with a 106 frames/ aerodynamic effects, liquid turbulence, jet

s camera and the steady state by a technique velocity profile rearrangments, and liquid

similar to spark photography. The experiment pressure oscillations, each could not alone

range was: liquid pressure 500 to 2500 psia; be the mechanism of atomization; cavitation

five mixtures of water and glycerol to vary or aerodynamic effects, supplemented by cavi-

the liquid viscosity; air, nitrogen, helium, tation and/or wall boundary layer relaxation

and xenon at up to 600 psia as chamber gases processes, could each be the mechanism of

to separete gas pressure from gas density atomization; and the criterion Weg > 40.3 for

effects; and 14 nozzle designs. Not changed the onset of atomization and a commonly used

were the temperature (room value), the nozzle gas jet expression to predict the spray di-

diameter (340 W), and the surface tension vergence angle are inadequate. Equations are

(70 dyne/cm). It was found that: jet diver- given for the divergence angle and the onset

gence begins progressively closer to the of atomization which are valid within the

nozzle exit as the gas density increases until tested range.

0148.711179/022604948O2.5O
Copyright 0 1g79 Society of Automotive Englneer, Inc.
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is known and recently it was emphasized again less than the nozzle exit diameter and the
in a paper by Reitz and Bracco (1)*in which breakup mechanism is unknown.
it is demonstrated that, for the achievement Various authors have proposed possible jet
of satisfactory open chamber, direct injection atomization mechanisms. Castleman (6) and
charge stratification, accurate control of the Ranz (7) proposed that aerodynamic inter-
atomization process is necessary. However, a action between the gas and liquid was res-
survey of the jet atomization literature (2, ponsible for jet breakup in this case. How-
3) revealed that, in spite of the work al- ever, since no evidence of an intact length
ready done, there is great uncertainty even was found for jets in this regime, DeJuhasz
about the mechanisms of high velocity liquid (8) reasoned that the jet breakup process
jet disruption, occurs within the nozzle itself. He argued

For this reason, experiments were performed that liquid turbulence could play an important
to help in the identification of the mechan- role in this process. Schweitzer (9) proposed
isms by which liquid jets break up into drop- that the radial turbulent velocity components
lets. The constant pressure injection of a would disrupt the jet-gas interface, leading
liquid jet through a single hole nozzle into to the formation of droplets, as soon as the
an initially stagnant, constant pressure gas restraint imposed on the flowing liquid by
was studied. It is felt that an understanding the orifice wall ceases at the nozzle exit.
of the mechanism of atomization ultimately Bergwerk (10) noted that a cavitation
would be helpful to the engine designer. region may occur within the nozzles. He

In order to distinguish Atomization, which suggested that large turbulent disturbances
is the mode of breakup of interest in engine may be created in these cavitation regions
applications, from other types of jet break- and play a role in the jet disruption process.
up, the four main breakup regimes, each of Rupe (11) postulated that the abrupt change
which reflects the action of different forces in boundary condition experienced by the
on the jet, are briefly reviewed here. Fur- liquid flow at the nozzle exit could destabil-
ther details may be found in a review by ize the jet, leading to its breakup. Liquid
Reitz and Bracco (4). Photographs showing supply pressure oscillations have also been
examples of jets operating in each of these thought to contribute to the breakup process
four regimes from Lee and Spencer (5) and (12).
Reitz (3) are shown in Figure 1. In spite of these and other attempts to

Figure la shows low velocity jet breakup explain the process of atomization, no firm
in the Rayleigh regime. The breakup results evidence has so far been provided in support
in droplets with sizes larger than the jet of the various hypotheses and no complete
diameter and is due to the unstable growth of theory of atomization exists. Moreover, it has
axisymmetric surface waves caused by surface been shown (3) that there is no valid criter-
tension. As the jet velocity is increased, ion currently available to predict the loca-
forces, due to the relative motion of the jet tions of the boundary between the Second
and the surrounding gas, augment the surface Wind-Induced regime and Atomization regime in
tension force and lead to droplets with sizes terms of the operating conditions.
of the order of the jet diameter. This class
of breakup is termed the First Wind-lnduced EXPERIMENTAL DETAILS
breakup regime and is shown in Figure lb. The experimental apparatus used to study

A further increase in the jet velocity
results in breakup in the Second Wind-Induced rigure 2. The spray chamber enabled jet
regime which is shown in Figure 1c. Here jet bre sTes to aeer na varet
breakup is characterized by divergence of the of c tle cott presre, gae
jet-spray after an intact or undisturbed of controlled, constant pressure, gaseous
jentsprynatean intte norzl. udTued uenvironments, and allowed the breakup process
length downstream of the nozzle. The unstable to be photographically observed through 10 cm
growth of short wavelength waves on the jet diameter transparent windows. The spray
surface produces droplets whose average size chamber was designed for gas pressures up to
is very much less than the jet diameter. This 1000 psia (70 atm) and gas temperatures up to
wave growth is induced by the relative motion 750"K. In addition, to ensure minimal effects
between the liquid and the ambient gas and is due to the confinement of the spray, the
opposed by surface tension, chamber inside diameter to nozzle exit diameter

When the jet velocity is further increased, ratio (for the nozzles explored in the experi-
orWhen operatngloityis furtherinased , ments) was chosen to be about 500.or the operating conditions appropriatedly Two experimental techniques were employed.

commencingted the jetfnozzles exit. cne-shapedis spray In the first, the behavior of a constant in-
eicorres- jection pressure high velocity liquid jet upon

ponds to breakup in the Atomization regime
and is shown in Figure ld. This is the regime
of interest in practical engine applications. (*)Numbers in parenthesis designate references
Droplets are produced with sizes very much at end of the paper.
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Fig. 2 Schematic Diagram of Apparatus

~A. Cordin Model 117 Camera (A1 lens bank and
• stationary film strip; A 2 Rothting mirror;A A3 Camera lens)

* B. Spray Chamber (B Quartz windows; B

Electrical heaters; B Water cooling jaiket;
- B Drain and safety valves, B Electrical

gas heater; B Bottled gas)

C. Liquid Resprvoir (C Nozzle holder; C2Test liquid; C Piston1  C. Pressure trans-

ducer; C5 Charge amplifier, C Driver gas).

D. Pressure Intensifier (D1 Pressure ampli-

Fig. 1 Examples of four jet breakup regimes fier; D2 Accumulator; D3 Bottled nitrogen
E. Electronics and Camera Controls (E

(a) Rayleigh regime, (b) First Wind-Induced Camera gas control unit; E Camera spied con-
regime, (c) Second Wind-Induced regime, trol unit; E3 High energy ulse unit; E

(d) Atomization regime - References (3) and (5) Oscilloscope; E5 Flash control units;

E6 Xenon flash tubes)

its initial emergence into the chamber gas, were designed in such a way that they could be

was recorded using an ultra high speed Cordin interchangeably mounted in two specially con-

Model 117 framing camera. These "Transient" structed nozzle holders which could be screwed

studies, applied here for the first time to into the lower end of the reservoir section.

the authors' knowledge to the study of jet Details of the design of a nozzle holder are

atomization, allowed 60 frames of film showing shown in Figure 3. The nozzle geometry was
the developing jet breakup transient to be varied by using different nozzle inserts whose

obtained at framing rates up to 1.25 million lower face (nozzle exit plane) protruded into
frames per second. In the second or "Steady the chamber gas (see Fig. 3). The inserts
State" studies, a single short exposure photo- were held in position by sealing and retaining
graph of the jet taken long after its initial rings and the liquid delivered from the reser-

emergence into the chamber gas, was obtained voir through a 5/16" diameter passage.

using standard techniques. The two techniques The internal design details of the nozzles

were often applied simultaneously to the inserts employed in the tests are shown in

study of the same jet. Figure 4. The nozzles used fell into two

The liquid injection system consisted of a categories: the converging nozzles, nozzles

liquiq reservoir section which housed up to IV,XXI, XII, XIII and XIV (Figure 4a) and the

40 cm of a test liquid and a piston. The constant diameter tube nozzles, nozzles I,

piston served to compress the test liquid to II, III, VI-X (Figure 4b). In Figure 4a the

high pressures and was in turn driven by high nozzle passage for nozzle IV was made from

pressure gas from a pressure amplifier system thin walled shaped glass tubing and the nozzle

which was designed for pressures from 200 psia passage for nozzles XI and XII was made from

(13.3 atm) to as high as 20,000 psia (1300 short lengths of stainless steel hypodermic

atm). Fourteen individual single hole nozzles tubing which were flared at their inlet and

of differing internal geometry but fixed exit glued in the insert to allow the effect of

diameter (k 0.34 ur) served to accelerate the a rounded inlet on the jet breakup process to

test liquid from the almost stagnant reser- be explored. For nozzles XlII and XIV the

voir into the chamber gas. Most of the nozzles 90* included angle taper within the insert
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I terminated at Its apex and in a 0.34 m
4 2 AT* DEA AV diameter hole with Lido = 0.5. The insert

was made from plexiglass for nozzle XIII and
from brass for nozzle XIV. The nozzle pass-

I. I ages of nozzles VI to X are shown in Figure
4b all had the same internal design, that of

0-0 a sharp edge inlet constant diameter tube
with L/do  4, but differed in materials and
method of construction. The nozzle passages
VI, VII and VIII were made from plexiglass

1.624 and teflon, while for nozzle IX the passage
was made from stainless steel hypodermic

1.0 0." tubing which was glued into a plastic insert.
The entire insert was made from brass in the

case of nozzles X0 and XN.
For nozzle II, the lower face of the in-

OWL sert was attached to an extension section
02e3 Lwhich contained a length of the hypodermic

tubing with L/do = 49.3. The nozzle passages
Gel for nozzles I and III were also made from

hypodermic tubing with L/do  85 and 10.1
respectively. However, for these nozzles, the
nozzle holders were machined from brass plugs
and the 5/16" diameter delivery passage (com-
pare Figure 3) ended in a radius.

Fig. 3 - Details of nozzle holder: 1. retaining
ring; 2. sealing ring; 3. nozzle insert -

dimensions in inchesAl U-v*
4S''

NOZ~. ~ NOLES NOULEI

h~ow de ic 'o. I

hIS I'*a -
r

NO UA L II --. " 0

Jim

diameter tube nozzles - dimensions in mm

~31
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Two methods of initiation of injection were tubes located inside the spray chamber for the
used in the tests. In the first, the nozzle illumination of the jet. The duration of this
exit hole (nozzle inlet for nozzle II) was light output, also monitored by a fast res-
blocked by gluing a 0.013 cm thick length of ponse photocell, was adjusted prior to each
tin fuse ribbon over the hole. The liquid in run to prevent rewrite on the next mirror
the liquid reservoir was pressurized to a sweep (see Figure 6b). The liquid pressure
steady pressure and the fuse metal was then during the injection was also displayed on
removed in the vicinity of the exit hole by the oscilloscope trace.
the application of a 1v 10 Us duration high In most of the transient tests, the strobe
energy electrical discharge pulse to the fuse. flash and Polaroid camera were also used to
This allowed the constant injection pressure obtain a single photograph of the same jet
jet to emerge unobstructed into the chamber later in the injection, long past its transi-
gas. One such jet is shown in Figure 5 in ent as shown, for example, in Figure 5.
which a photograph of the fuse hole is also
included. It can be seen that the boundary RANGE AND SCOPE OF EXPERIMENTSof the hole is 

clear and sharp.

The holeoiscearhd sharp.etiono One hundred steady state photographs and
The second method of injection initiation 55 transient sets of frames were taken so as

was used only for tests where the initialtoicueheprangagefsvrl
transient was not recorded. In this case, the to include the operating range of several

i piston above the reservoir liquid was held in practical injection systems. The experiments

place by a retractable trigger pin arrange- were conducted at 67 different sets of opera-

ment. With the driver gas above the piston ting conditions, or Series, using the 14

pressurized to a steady value. removal of the nozzles shown in Figure 4.. These designs

pin caused the piston to compress rapidly include nozzles with L/d ratios from 85 to

the test liquid and, after a short unsteady 0.5 with sharp and rounded inlets and do  •• 
0.34 -a.

transient, resulted in a constant pressure The chamber gases were air, nitrogen,

injection.
In Figure 6 a, the oscilloscope trace shows helium and xenon with gas pressures up to

the liquid pressure during the injection which 600 psia (40 atm) and the tests were made at
about 300"K. The liquids tested were mixtures

was monitored using a fast response pressure of water and glycerol (0, 50, 68, 80 and
transducer. It is seen that the injection 10 glyc ceol . and thi us p id
pressure remained approximately constant 

at 100% glycerol wt.) and their use permtted 
a

prsur rem0psaned aro)iante cntonstat athousand-fold range in the liquid viscosity
about 1700 psia (113 atm) and the injection to be realized while the surface tension and
duration T was about 3.2 sec. After the in- liquid density remained with 20% of the values
jection, the reservoir pressure dropped to

the chamber gas pressure of 300 psia (20 atm). of water 70 dyne/cm and I g/cm respectively.
In these tests, a single photograph of the The liquid pressure ranged from about 500 to

jet was taken long after the initial emergence 2500 psia (33 to 166 atm) (a fixed value for
of the jet, i.e., during the constant pressure pach test). The test conditions are shown in
portion of the injection. The jet was il- Table 1. The runs are arranged in groups of
luminated by a ^- I Us duration strobe flash tests with each injection nozzle and are or-
and the breakup details recorded on Polaroid ganized within each group in order of in-
film. A fast response photocell was used to creasing gas density. The number of tests
monitor the light output as is also shown in performed in each series is indicated in the
Figure 6a. first two columns of the table.

An oscilloscope trace showing eventsequenc- Various quantities were measured from each
ing and liquid pressure details for the fuse of the photographs and are also included in
technique of injection initiation is shown in Table 1. These include the angle of jet di-
Figure 6b. In this case, the high speed vergence, the spray angle 0S , and the distance
framing camera was used to record the initial from the nozzle exit to the point where the
emergence of the jet. The Cordin camera divergence is observed to begin, xJ. Measure-
consisted of a nitrogen driven turbine with a ments of the distance from the nozzle exit to
highly polished rotating mirror and a bank of the tip of the jet, made from transient pic-
sixty stationary lenses. The image was re- tures such as those of Figure 5, allowed the
flected from the mirror through each lens, in initial jet tip velocity UT to be estimated
turn, onto a stationary film strip. The for each run (Figure 7a). The jet tip vel-

mirror period of rotation, N (framing rate) ocity was found to be constant in all cases
was indicated by reference spikes and the and is also included in Table 1.
film occupied a writing window of 0.24 M as The outline of the emerging jet taken from
shown in Figure 6b. frames at different times after the onset of

The high energy electrical discharge pulse the injection were superimposed to help
supplied to the fuse ribbon triggered the visualize the development of the flow field.
oscilloscope which, in turn, triggered the Here, again, the jet intact length and a jet
simultaneous discharge of two xenon flash divergence angle 6T could be measured since
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the jet divergence of the region behind the TtME .

jets head was found to remain constant as the I 20 40 60 80
injection continued. This is shown in F E

Figure 7b. 6
The nozzle coefficient of discharge was 02

determined from the relation

V PL 1/2

D ANT 2AP 04 -

where T is the injection duration (see Figure SLOPE U s.o 3 
x 103-"Va

6a), V is the initial volume of the liquid Tor

in the reservoir, AN is the nozzle exit cross-
sectional area, and the liquid has been as-
sumed to be incompressible.

Experiments made with nozzles which had
plastic nozzle passages (nozzles VI, VII, (0)
VIIt and XIII) were usually non-repeatable
and their results were not used in deriving
the conclusions of this study. Experiments 0
conducted with metal nozzles (nozzles I, II, 1.1

III, IX, X, XI, XII and XIV) and the glass
nozzle IV were found to give consistent res-
ults. Most of these repeatable experiments
(divergence angles agree within 20) were

injections with injection pressures above
1500 psia (100 atm). In these tests, dimen- Frame
sions taken from the transient study photo- mm 10
graphs have an estimated accuracy of 1 * for

lengths and 10% for jet tip velocities. Dim-
ensions taken from the steady state photo- 30
graphs have accuracies of 0.5* for jet diver- 2
Rence angles and 25% d. for jet intact lengths. 40
Gas and liquid pressures were constant within 3 45
5% during a given test. 4

EXPERIMENTAL RESULTS

The measured jet divergence or spray angles
wre found to increase as the chamber gas was T
isothermally compressed up to a certain level,
all other parameters being fixed. An in-
crease in the spray angle with compression of W
the gas is consistent with the findings of
other authors for fuel sprays (12). The Fig. 7 - a) Diagram showing transient jet out-
results presented in Figure 8 demonstrate the line penetration versus time. b) Composite dia-
effect of chamber gas compression on the spray gram of superimposed frames showing transient
angle for tests with the straight-sided con- jet development
verging nozzle XIV (L/do  0.5, sharp edged
inlet nozzle passage) and with the constant
diameter tube nozzle IX (L/d = 4, sharp-edged for both nozzles. A close agreement between
inlet). The series number is indicated next the spray angles measured from the transient
to each data point and the value of the in- and steady state data is also apparent. In
jection pressure used in each test is also addition, the results indicate that the 500
included in the figure (all runs in a given psia (33 atm) variation in the injection
series are made at the same value of the in- pressure (% 30%) for nozzle IX does not per-
Jection pressure, see Table 1). The transient ceptibly influence the trend with respect to
jet divergence angle measurements are indi- the changes in the gas pressure and density.
cated by an oblique line through a data point. The use of chamber gases of different mole-

The spray angle is seen to increase up to culur weights allowed the gas density and the
gas pressures of 300 psia 20 atm) or a gas gas pressure to be varied independently, with
density of 2.6 x 10-2 5/cm5 after which relatively minor changes in the physical
further compression of the chamber gas has a properties of the gas. These experiments
relatively small effect on the jet divergence showed that the chamber gas density has a

-4._. ............................................
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20 - behavior of the jet to be explored with <20%
o6 ad 67 changes in the liquid surface tension and

a density. The measured jet divergence angles
03 are shown in Figure 10 plotted against a nor-

14 aOs malized liquid viscosity ratio UL/UH 20. The20 open data points correspond to jets whose
12QUO-Wr divergence begins at the nozzle exit plane,

0 S-N.fIrep i.e., jets operating in the Atomization re-
gime, while the solid data points represent

5 aS--e'a
24 0 jets whose divergence begins some distance

downstream of the nozzle. These correspond4 2 26 .1 98to jets operating in the Second Wind-Induced

23 2 regime of breakup.
2 Ya 6. 700 The results of tests with nozzle IX (L/do

0 3 4, sharp-edged inlet) and with injection
o 0 20 30 40 50 60X 0/9 pressures of 1750 ± 150 psia (117 ± 10 atm)

I I I _ _ __ __ _ __ _ reveal that the jet divergence angle decreases
o 100 200 300 400 500 so 9 cp.a slightly as the liquid viscosity is increased

from the value of water to UL = 18.4 IH20
(the 68% glycerol and 32% water mixture Series

Fig. 8 - Graph showing effect of chamber gas 32). Beyond this point (Series 33 and 34) in-
compression on the spray angle for nozzles IX tact jets were obtained with no sign of jet
and XIV breakup or divergence detected in the photo-

graphs.
predominant effect on the jet divergence angle Tests with nozzle XII (L/do - 2.1, rounded
for these tests, and that increases in jet inlet) and with injection pressures of 1800 ±
divergence angle obtained by isothermally 100 psia (120 ± 7 atm) (Series 52-54), also
compressing the chamber gas in tests with a shown in Figure 10, indicate again that intact,
given nozzle are due to effects related to the non diverging jets are obtained once the liquid
increase in chamber gas density and not to viscosity is increased beyond a certain level.
those related to the increased chamber gas Injections from nozzle I (L/do - 85, constant
pressure (2). diameter tube nozzle) with injection pressures

Accordingly, the spray angle data of Figure of 2100 psia (140 atm), Series 2 and 1800
8 is shown plotted against the gas density in psia (120 atm), Series 3, are also shown in
Figure 9. In this figure, an average value Figure 10. Here no significant change in the
of the spray angle is plotted for repeated jet divergence angle with increased liquid
tests at the same operating conditions (series). viscosity is detected for this nozzle in the
The results of injections from nozzles XII, range tested. The measured ranges of in-
III, II and I are also included in the figure. jection velocities Uvol for each nozzle are
These results confirm the increase in the also given in Figure 10.
spray angle with increasing gas density. The The results of Figure 10 indicate that, for
range of measured injection velocity for tests a given nozzle, jet Atomization occurs when
with a given nozzle is included in the figure. the liquid viscosity is reduced below a cer-
The open data points correspond to jets whose tain level and there is no evidence of an
divergence is observed to begin at the nozzle abrupt changein jet divergence angle accom-
exit. These jets may thus be classified as panying the transition from the Second Wind-
belonging to the Atomization Regime. The Induced to the Atomization breakup regimes.
solid data points represent those runs where In addition, the results indicate that the
Jet divergence was found to begin some dis- transition occurs at different levels of liquid
tance from the nozzle exit. These jets thus viscosity for each nozzle. The data of Figures
belong to the Second Wind-Induced regime of 9 and 10 show obvious differences in the per-
breakup. formance of jets injected from nozzles of

From this figure, it is apparent that, for different geometry. The effect of variations
a given nozzle, atomization occurs once the in nozzle design is further demonstrated in
density of the chamber gas is increased beyond Figure 11. The four photographs show
a certain level. Moreover, there is no evi- the steady state behavior of four water jets
dence of an abrupt change in the spray angle injected from four different nozzles, but with
between the Second Wind-Induced and Atomiza- otherwise identical operating conditions.
tion breakup regimes. However, the transi- The jet shown in Figure lla was injected
tion is seen to occur at different chamber from nozzle I (L/d0 - 85) and the jet diver-
gas densities for different nozzles. gence is minimal. This photograph, as in the

The experiments conducted using mixtures photographs of Figures llb and lld, was taken
of water and glycerol as the test liquid with backlighting of the jet long after the
allowed the effect of liquid viscosity on the initiation of injection.
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Fig. 11 Photographs showing effect of nozzle
passage length on steady state jet breakup -
chamber gas-nitrogen at 300 psia, AP = 1800
psia, liquid-water

increased for these operating conditions. The results of Figures 9 and 10 show that
This trend is also apparent from the measured the transition between the Secon Wind-Induced
spray angles shown in Figures 8, 9 and 10. and Atomization breakup regimes occurs at
The effect of the design of the nozzle en- different gas density and liquid viscosity
trance is also shown in Figure 9. A com- levels for each of the nozzles tested. In
parison between the results of the rounded particular, the transition is seen to occur at
inlet nozzle XII (L/do - 2.1) and the sharp- higher gas density levels and lower liquid
edged inlet nozzle III (L/do - 10.1) reveals viscosity levels for those nozzles which pro-
that those two nozzles have similar jet duce jets with small jet divergence angles
divergence angles in spite of the factor of than for those nozzles which produce flows
5 difference in the nozzle passage length. with consistently large spray angles. There-
These results show that the effect of a fore, any criterion used to predict the onset
rounded nozzle passage inlet on the jet is of jet atomization must include the details of
to stabilize the flow. Notice from the the nozzle design. In particuarl, the criter-
Uvol data presented in Figures 9 and 10 that ion of Miesse (13) that Weg> 40.3 for the
there is no detectable consistent trend onset of atomization is seen to be deficient
linking changes in the injection velocities since it does not include details of the
to the performance of the various nozzles, nozzle design beyond the nozzle exit diameter.
This indicates that the observed trends in
the jet divergence angles and the jet in- DISCUSSION OF JET ATOMIZATION MECHANISM
tact lengths, seen as the nozzle is changed,
are due to effects over and above the changes An evaluation of the prominent jet atomiza-
in the injection velocity caused by coeffi- tion hypotheses was made using the experi-
cient of discharge variations, mental results and this revealed that most of

.. .. . . . .L....
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them, alone, could not explain the experimental where the constant A must be obtained trom a
results. The findings of this evaluation are best fit of experimental data. Function (1)
presented in more detail in Reitz and Bracco is plotted in Figure 12. The data shown
(2) and are briefly summarized here: previously in Figure 9 and 10 are compared
1. If aerodynmic surface wave growth were with the prediction of Equation (1) in Fig-

the only mechanism controlling the jet diver- ures 13 and 14. Here it is seen that agree-
gence, the results should be independent of ment with the theoretical prediction can be
the nozzle geometry; 2. If pipe turbulence maintained up to gas density levels of
were the only controlling breakup agency, 2.58 x 10-2 g/cm 3 and liquid viscosities
turbulent jets (from nozzles with large L/d o  below about 0.2 g/cms provided that the con-
ratios) should be the most unstable ones; stant A is permitted to be changed for each
3. If the rearrangement of the cross-section different nozzle.
axial velocity profile of the jet was the In Reitz and Bracco (2), liquid cavitation
only mechanism of breakup, Poiseuille flows and/or wall boundary layer rearrangement
(high viscosity jets) should be the most un- phenomena are introduced as possible agencies
stable; 4. If the liquid supply pressure which could account for the required vari-
oscillations were the only agency, jet atomi- ation in the proportionality constant with
zation should not have occurred in these nozzle geometry. Notice from Figure 13 that
experiments in which the supply pressure was the flow cavitation number
kept constant; and 5. If wall boundary layer pL -P
exit velocity profile relaxation effects were K = p
the only mechanism, the jet breakup phenomena g v
should be independent of the gas density.

Cavitation effects, alone, could possibly which is included on the abscissa, is always
account for the observed trends in the Atomi- greater than the critical cavitation numbers
zation regime if it is assumed that the mech- Kcrit which were not measured in our experi-
anism of breakup changes from the Second ments but could be estimated for the condi-
Wind-Induced to the Atomization regimes. How- tions of the present tests for nozzles XIV,
ever, there is no evidence in the experimental IX and III from the data of Bergwerk (10).
results of such a discontinuity, but, instead, This indicates that cavitation phenomena are
the results show a continuity in the jet predicted to be present within each of these
divergence angle as the jet intact length nozzles and it also may be significant that
tends to zero. i.e., as atomization is reached Kcrit correlates with the value of the con-
(see, for example. Figure 9). But it is still stant A.
possible that liquid cavitation is the only Notice that these conclusions on the mech-
agency controlling jet Atomization. It is anism of jet Atomization were arrived at by
also possible that jet Atomization is due to varying p , PO L, L and the nozzle geo-
aerodynamic surface wave growth effects aug- metry, buE dol, , L and the test environment
mented by cavitation and/or wall boundary temperature were not varied. Their variation
layer readjustment phenomena. may necessitate consideration of other effects
The aerodynamic surface wave growth mechanism in the Atomization mechanism. Indeed, had

is known to be responsible for the breakup of the nozzle geometry not been varied in these
jets in the Second Wind-Induced regime and experiments, once could have concluded that
the fact that no discontinuity was detected the aerodynamic surface wave growth model,
when Atomization occurred suggests a con- alone, was sufficient to explain the experi-
tinuity in breakup mechanism between the two mental results.
regimes. An analysis of this possibility,
which is presented in detail in Reitz and SOME APPLICATIONS OF THE RESULTS
Bracco (2,14), shows that equations derived
from the aerodynamic surface wave growth Some applications considered in this section
mechanism can reproduce the experimentally are single hole high pressure fuel injection
observed trends of gas density and liquid systems and multiple hole (shower head) fuel
viscosity variations on the spray angle, and injection nozzles if the holes are so apart
the insensitivity of the spray angle to from each other and so oriented as to mini-
relatively large variations in the jet vel- mize their interactions in the vicinity of
ocity in the Atomization regime, if an addi- the hole exitS.
tional mechanism is invoked to account for The effect of gas and liquid terperature
the effects of nozzle geometry. According changes on the jet atomization process may be
to the aerodynamic surface wavetheory of jet important but was not studied in this work.
breakup of Ranz (7), the spray angle is given This should be considered when using the
by results of the study for automotive and com-

1 0e/ 2 -L eL 2 bustion applications, in which case the
Tan l20 - A(-)f ( P--) (1) nozzle itself may be at a high temperature.

S g--L However, according to Equation (1) the spray

LM:
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angle should be insensitive to gas tempera- equation significantly overpredicts the jet
ture changes for spray angle for all nozzles at low chamber

gas densities. in addition, Equation (2)

PL ReL 2 does not allow the observed variation in the
- We- ) > 1. jet divergence angle, at a fixed gas density
g L level but with different nozzles, to be pre-

dicted, since the gas jet turbulent mixing
The other operating conditions varied in process is insensitive to changes in the in-
the present experiments do include those ternal geometry of the nozzle (16). The re-
ranges commonly found in automotive appli- sults of Figure 15 show that the commonly
cations. Standard diesel type injectors used "gas jet" estimate of the jet divergence
usually operate with injection pressures in angle cannot be used to predict the spray
the range 1500-4000 psia (100-260 atm) and angle under most conditions. Instead, the

gas Jensities between 13 x 10
- 3 to 26 x 10- 3  aerodynamic theory prediction, Equation (1),

g/cm (C.R. 10-20) using constant diameter should be used to estimate the spray angle.

tube nozzles with L/do, ratios from 2-6 and The constant A could be determined from the

nozzle exit diameters in the range 0.015 - empirical formula

0.05 cm (single hole and shower head nozzle L/d
designs). The liquids employed range from A - 3.0 + 0
distillate fuels (OL = 0.01 g/cms) to resi- 3.6
dual fuels (WL = 5 g/cms) (values at 300°K)
with liquid densities from 0.8 - 1.0 g/cm 3  for sharp-edge inlet nozzles and for the

and surface tension of about 25 dyne/cm (at operating conditions included by the present

300-K). study.

The present study was performed with in- In combustion applications, changes in the

jection pressures from 1500-2100 psia (100- nozzle inlet geometry during operation pro-

140 atm) gas densities from 1.3 x 10-3 to duced mainly by cavitation could cause

52 x 10-  g/cm3, constant diameter tube no?,les changes in the performance of the nozzle.

with L/d o ratios of 0.5 to 85 and do = 0.034 Indeed, it is known that injection nozzles in

cm. The liquid viscosity varied from 0.01 oil burners and diesel engines need replace-

g/cms to 17 g/cms; liquid density from 1.0 - ment after long periods of use because smoke
1.2 g/cm 3 and the surface tension was about emissions tend to increase. This need could70 dyne/cm (at 300K). be related to the increased jet stability

In 70 dy em n (a fuel inje(smaller dispersion) noticed in the presentIn the design of fuel injection systems, study for rounded inlet nozzles.
jet atomization is encouraged in order to suyfrruddiltnzlsincaet omzastnisfr e raed nrdr to The penetration of the jet is also of inter-
increase mass transfer rates and to ensure

efficient utilization of the injected fuel. est to designers of fuel injection systems

In this case, one of the parameters of inter- since it affects the extent of distribution

est to the designer is the spray angle 6 of the fuel within the combustion chamber.
Previous spray tip penetration measurements,of the fuel within the combustion chamber reported, for example, in Giffen and Muraszew

oThe fesuls wi the resentorstio char (12) and usually made from photographs with
The results of the present work show that frame rates up to about 5 x 103 frame/s,

this can be increased by increasing the

cham er pas density (up to about 2.6 x 10-2 show that the spray tiD oenetration distance
increases roughly proportionallyto tl)2g/cm ) or reducing the liquid viscosity and forrdies rugy pryonthn gey o Is-

by employing injection nozzles with L/do  frdeeLLe pasi h ag fdsbyto bemoy n .injectindnoz with shar- tance of 200 to 1000 do from the nozzel exit.
ratios between 0.5 and 4.0 and with sharp- The spray tip velocity is found to decrease
edge inlets. rapidly (u t- 1 /2 ) with distance from the
Abramowitz (15) and Newman and Brzustowski nozzle and is a small fraction of the in-

(16) argued that the divergence of the jet jecton velocity within the first few milli-
in the region at the nozzle exit may be es- seconds from the start of the inection.
timated from a postulated similarity between scnsfothsarofheijcin
a inge pae postuted sof a urbulty eten In the present transient jet breakup studies,a single phase injection of a turbulent Jet the behavior of the jet was monitored up to
of high density gas into a low density en- about 20 nozzle exit diameters downstream of
vironment and the two phase liquid injection, the nozzle exit (0.7 cm) for times less than
In this case the spray angle is given by a millisecond from e start of injection.

T The results show that the jet tip velocity
Tan e/2 - 0.13 (1 + --) (2) is equal to the injection velocity for im-

jections into a low gas density environment
This equation is shown in Figure 15 to- (see Table 1). For injections into environ-

gether with the experimental results of ments at high gas densities (up to pg =
nozzles I, II, III, IX, XII and XIV which 2.6 x 10-2 g/cm 3) the jet tip velocity was
were presented earlier in Figure 9. The found to be still constant but was less than
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the injection velocity by as much as a factor where B is a constant of order I and x. is
of two.. In spite of this reduction in vel- a dimensionless wave length which decreases
ocity,.the jet tip velocity is still much with increasing 2
larger than characteristic gas velocitios in PL ReL
engine applications. Therefore, the bulk - ( )
motion of the gas (naturally occurring or Pg WeL
induced, e.g., through swirl) can be expected For
to have an insignificant effect on the tra- R 2
jectory and the motion of the jet during -L R L  2
this time. This result also has implications Pg -) >

in the design of open chamber stratified 3
charge engine combustion chambers. Hiroyasu x is asymptotically equal to -

(17) has found a change from linear to a
square root penetration time dependence as It must be stressed that droplet sizes
the jet penetrates the chamber gas and this were not measured in this study, and that the
is consistent with the results of the present given equation is, therefore, only an exten-
study. sion which is consistent with the aerodynamic

In practical diesel injectors, the injection hypothesis for the break up process. Notice
pressure is known to vary with time during that the predicted initial drop size would
the injection. Typical characteristic times be insensitive to nozzle design changes.
for pressure variations are of the order of Nozzle design effects appear in Equation (1)
100 Us. The results presented in Figures 7b, for the spray angle since they would in-
8, 9 and 10 showed that the steady and fluence the surface wave growth rate but not
transient jet divergence angles eS and eT  necessarily the length of the most unstable
were quantitatively similar at the same opera- of the surface waves which would be propor-
ting conditions. The rapidity with which the tional to the average drop size. The length
region behind the emerging jets head, seen in of the inact core of the jet is of interest
the transient frames, approached its final in modeling that region of the spray close
jet divergence was discussed earleir and was to the nozzle exit. Again, this was not
illustrated in Figure 7b. From these results measured in the present study but the length
(Figure 7b) it can be seen that the final of the continuous liquid core of the jet may
configurz-i.. is set up within a time no also be estimated from Taylor's (18) cal-
longer than that required for the tip of the culation of the rate at which liquid droplets
jet to travel a distance of 3 to 7 nozzle exit remove mass from the liquid jet.

diameters. For the jet tip velocities ex- The length of the solid core of the jet, xB ,
plored in this study, this shows that the would then be given by
final jet divergence is established in times
less than 10 to 30 Us. It follows that, if x 0p ReL 2

liquid supply pressure changes occur on time Bo_ B L f( () ) (3)
scales much longer than 10 to 30 Us, the be- d0  2 Pg P W
havior of the jet at the nozzle exit will where the function f is shown in Figure 12 and
depend only on the corresponding, instant- B is aportionali stn It aB_ is a proportionality constant. It was
aneous upstream pressure. 2

Another parameter of importance to the fuel found that Equation (3) could also be used to

injection system designer is a measure of the predict those operating conditions at which
average droplet size. This influences fuel divergence commences at the nozzle exit, i.e.,

vaporization times and pollutant emission the boundary between the Atomization and
levels and, in diesel combustion, the com- Second Wind-Induced regimes, for the conditions

bustion rate. Although droplet sizes (dis- of the present study. Here it was assumed

tributions)were nomeasured in the present that x I - 0 corresponds to a critical value

work, if the jet breakup process is assumed of x

to be produced by the aerodynamically in- WIN this postulate, the criterion for the

duced growth of surface waves in the range onset of jet Atomization from Equation (3) is

tested, then the results of Taylor (18) may
be used to assess the effect of changes in PL ( 2

the operating conditions on the average ini- < k for W e) > 1 (4)
tial droplet size. In this analysis, the Pg -P L
diameter of the recently formed droplet, 2r, and
is assumed to be proportional to the wave PL WeL 1/3 0L ReL 2
length of the unstable surface wave from () <k for ( ) - 0 (5)

which it was formed, i.e., Pg L P
r 4BIax These formulae incorporate the effect of gas

2r = 2 density and liquid viscosity and the effect

g o of nozzle design changes may be included by
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0.6 Table 2 -Values of the Constants A, Krit and

0.4 . k for the Nozzles and the Range Tested

Nozzle L/d A Kcrit k
0. 5. ---- - --- 3.45

CD II 49.3 13.4 --- 4.99
- 0. - 111 10.1 8.0 2.8 6.46

4 IV 7' 4.1 --- 9.02

0.06 VI 4.4 (-) 1.9 (-)
0.04 __I I i _ Vil 4.3 (3.5) 1.9 (9.76)

-4 -2 2 4 6 Vill 4.3 (4.5) 1.9 (8.61)10 10 I 1 O 1
IX 4.0 3.9 1.9 9.25

/OL(6) 2.  XN 4.0 3.5 1.9 10.2

/09 WLX 0  4.0 3.2 1.9 11.5

XI 4.3* 8.5 --- 6.26

Fig. 12 - Theoretical dependence of the spray X1I 2.1* 6.4 --- 7.22
angle on the operating conditions for aero-
dynamic model of breakup, Equation (1) XIll 0.5 (4.1) 1.0 (9.02)

XIV O.S 3.1 1.0 10.37

allowing the constant k to vary with the
different nozzles used. The empirical result NOTES:
k - 18.3/A can be used to relate k to the Uncertain Values, Plastic nozzle passages.
constant A (see Table 2) for a particular
nozzle. However, It is possible that k-k(U ) * Contoured
as well. This was not determined in the o + Rounded inlet
present work but for fuel injection applica-
tions the injection velocities are similar to
those of this study.

Equation (4) is shown in Figure 13 together
with the experimental results of tests with
nozzles I, II, III, IX, XII and XIV. The
equation is seen to allow the location of the GAS-% ,oc-e,

13D-, eece a! houz i e.

regime boundary to be represented satisfactor- 22-6 ,i,.c- .efor,. NCZZLE Ld,
Ily for the conditions of that fipure. For .M-9 3

standard fuel injection applicationsof dis- Z M:-5 1t

tillate fuels the design criterion to ensure1 UATON(4) [] IZ 4 C 3 9 1

jet atomization would be 6
0 IM i '2 11 ,l 64-

S2c i eC 2a
9

since in such applications it is often verified ,
tha 

0 1 4931 134.

that P Re 2
.L.Re L 2 t i I 3e 2 0 0e c -

- We-) >1 0.
P eL 2- EQUAIICN |ti

However, for high viscosity fuels, where c
0 ,o 20 30 40 50 go., b3 Ap,

10 ReL 2 ,0 ,2 6 3 3 . -%

Pg
an alternate condition that could be used is

that of Equation (5). Fig. 13 - Graph of spray angle versus flow
This equation is shown in Figure 14 for the cavitation number and gas-liquid density ratio

conditions of the data in that figure and is with theoretically predicted dependence,
seen to represent the location of the regime Equation (1)

II I I l ' 1= 1 ,,, . . .
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Fig. 14 - Graph of spray angle versus normal- Fig. 15 - Single phase "gas jet" divergence
ized liquid viscosity ratio with theoretically angle, Equation (2), compared with the results
predicted dependence, Equation (1) of nozzles I, I1, I1, IX, XII and XIV

boundary with respect to changes in liquid nitrogen, helium and xenon were used as cham-
viscosity, and to ensure jet atomization, in ber gases to separate gas pressure from gas
this case, density effects at pressures up to 600 psia

p We 1/3 (40 atm). The fourteen nozzle designs studied,
L-_ L < k. all with and exit diameter of about 340 V,
9g include nozzles with length-to-diameter ratios

from 85 to 0.5, and with sharp and roundedThe reader is reminded again that the above inlets. The quantities measured from the

conclusions were reached by experiments in phot s ihe et iaetera the

which the parameters.were varied within speci- nozzle exit, the spray angle, the Jet itact

fic, identified ranges. Extrapolation of the le and the tp pne t jat.

conclusions outside the tested ranges are The following trends were thus established

difficult due to the complexity of the process, within the tested range: 1. Jet divergence

SUMMARY angles increase with increasing (isothermal)
chamber gas compression; 2. Jet divergence
begins progressively closer to the nozzle

The Atomization of liquid j ets influences exit as the chamber gas is compressed, until
combustion in direct injection stratified it reaches the exit with no evidence of ab-
charge and diesel engines. At present, em- rupt change; 3. These variations are due to
piricism prevails in dealing with Atomization effects related to increases in the gas den-
since the forces which control the breakup sity, not the gas pressure; 4. Jet diver-
of liquid Jets in this regime are unknown. gence angles decrease with increasing liquid

In this study of the mechanism of Atomization, viscosity; 5. Jet divrgence begins at the

two photographic techniques were used to nosit 5 et diqued visst the

record the transient and steady behavior of nozzle exit once the liquid viscosity is de-

high speed liquid jets in various gases. The creased below a certain level and there isno evidence of abrupt change; 6. Jet diver-
transient behavior was recorded by a Cordin n ence dearupt chncresive

ultra high speed camera capable of up to 106 gence angles decrease with increasing nozzle
ulfrae n h h s ed y era apabe oa techniqtube length; 7. For the same length rounded
frams/sand the steady one by a technique inlet nozzles produce less divergent jets
similar to standard spark photography. The than sharp edged inlet nozzles; 8. Jet
two techniques were often applied to the same divergence commences at the nozzle exit at
jet. Except for temperature, which was kept different gas density and liquid viscosity

at room value, the ranges of the experimental levels as the nozzle design is canged; 9.

variable included those of practical interest. The jet divergence angle and the jet intact
Constant liquid injection pressures from 500 length is quasi-steady with respect to changes
psia (33 atm) to 2500 psia (166 atm) were in the operating conditions which occur on
employed with five mixtures of water and time scales greater than 10 to 30 ps; 10.
glycerol to vary the liquid viscosity. Air, Relatively large variations in the injection

A,



velocity (or injection pressure) have no U Measured injection velocity -V/ANT=U°

detectable influence on the observed trends. vol
An evaluation of prominent jet Atomization UT  Transient jet tip velocity

hypotheses revealed that aerodynamic effects, V Liquid reservoir initial volume

liquid turbulence, jet velocity profile re- 2

arrangement effects and liquid supply pressure We Weber number pU d /a
oscillations each could not alone explain the 00exprimnta reult. t i posibe tatXB Distance from nozzle exit where liquid

experimental results. It is possible that B jet is no longer continuous (breakup
cavitation phenomena alone, or aerodynamic leth)
effects, supplemented by liquid cavitation length)

and/or wall boundary layer velocity profile xI  Distance from nozzle exit to point of
relaxation effects, combine to control the jet divergence (intact length)
disruption of the jet in the Atomization 2

regime. Some of the more practical appli- Xm Wave length parameter 0OgU 12"o
cations of the results include the initial
penetration of the jet in the region up to 9P Effective injection pressure PL-P

0.7 cm from the nozzle exit, the effects of 0 Jet divergence or spray angle

deterioration of the nozzle during its opera- Surface wave wavelength

tion and the effect of liquid supply pressure

variations. The criterion We > 40.3 for the P Viscosity

onset of atomization and the use of a gas jet p Fluid density

correlation to predict the spray angle were
shown to be inadequate and equations were a Surface tension

presented for the prediction of the spray Injection duration

angle and of the onset of jet atomization in
terms of the operating conditions. These Subscripts

equations are not claimed to be valid outside

of the range of our experiments. 
g Based on gas properties

L Based on liquid properties

NOMENCLATURE 
S Steady state value

T Transient value

A Dimensionless nozzle constant in Eq.(1)

AN Nozzle exit cross-sectional area

B1, 2  Proportionality constants ACKNOWLEDGEMENTS
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APPENDIX B

ULTRA HIGH-SPEED FILMING OF ATOMIZING JETS
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Ultra-high-speed filming of atomizing jets
R. D. Reftz and F. V. Bmcco
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(Received 5 June 1978; final manuscript received I I December 1971)

In the atomization regime, a liquid jet breaks up into droplets of diameter much smaller than the nozzle
exit diameter, within the nozzle or immediately upon enterng the chamber gas. The mechanism of
atomization is currently unknown. The initial emergence and breakup details of liquid jets at the onset of
injection were recorded, apparently for the first time, by an ultra-high-speed framing camera (up to 10'
frames/sec). Liquid pressure and viscosity, gas pressure and density, and the nozzle internal geometry
were vad. The nozzle exit diameter, the liquid surface tension and density, and the S and liquid
temperatures were not varied significantly. Intact length, spray angle, penetration rate, and quasi-
steadiness of the breaking jet are discussed. It is concluded that within the tested range, liquid cavitation
or aerodynamic surface wave growth, augmented by liquid cavitation and/or boundary layer velocity
profile relaxation phenomena, could explain the observed experimental trends adequately.

I. INTRODUCTION The wave growth leading to the jet breakup is caused
by the relative motion of the jet and the ambient gas,

When a liquid jet is made to flow through a circular but wave growth is opposed by surface tension. Break-
orifice into a chamber of stagnant gas, four main up in the second wind-induced breakup regime has
regimes of jet breakup are identified, Rayleigh, first attracted the attention of many researchers in connec-
wind induced, second wind induced, and atomization tion with the problem of wave growth on the sea sur-
(Reitz and Bracco'). The forces controlling the breakup face.' In addition, the works of Borodin," Levich,8'
process in the various regimes have been both of fun- and Taylor'0 have contributed to an understanding of
damental and of practical interest for a considerable this type of Jet breakup.
time. The investigation reported in this paper con-
cerns mostly atomization, but the lack of a universally Ifojet velocity is further increased, or the operatingtermnolgy ake itadviabl brefl toconditions are appropriately changed, the fourth regime,
accepted tthe atomization regime, is encountered. This regime
identify the other regimes as well, is the one of interest in this paper. The distinguishing

Photographs of jets operating in the four breakup feature in this regime is the absence of an intact jet
regimes from Lee and Spencer 2 and Reitz 3 are shown length [Fig. I(d)]. Breakup in this regime results in a
in Fig. 1. For sufficiently low jet velocities, the jet spray which diverges immediately from the nozzle exit.
breakup, which occurs many nozzle exit diameters The spray contains droplets whose average diameter
downstream of the nozzle, yields drops whose diameter is very much less than the nozzle diameter.
exceeds that of the jet [Fig. 1(a)]. This is the Rayleigh The agency responsible for Jet disruption in this
regime and disruption of the jet is caused by the growth regime is unknown. The nature of the mechanism of
of axisymmetric oscillations on the liquid jet surface, atomization has been the subject of much speculation by

a variety of authors. Some of the more prominent Jet
As the jet velocity is increased, or other operating disruption hypotheses are outlined briefly here.

conditions are appropriately changed, the inertial ef-
fects of the surrounding gas become important. The Castleman" and Ranz12 proposed that aerodynamic
jet breakup, which occurs many diameters downstream interaction between the gas and liquid was responsible
of the nozzle, now yields drops whose diameter is of for Jet breakup in this case. However, since no evi-
the order of the jet diameter [Fig. I(b)]. In this case, dence of an intact length was found for jets in this re-
the surface tension effect is augmented by the relative gime, DeJuhasz" reasoned that the jet breakup pro-
motion of the ambient gas and the jet, which produces cess occurs within the nozzle itself. He argued that
a static pressure distribution across the jet acceler- liquid turbulence could play an important role in this
ating the breakup process, (first wind-induced breakup process. Schweitzer'4 proposed that the radial turbu-
regime). This mechanism was pointed out by Weber.' lent velocity components would disrupt the jet-gas

interface, leading to the formation of droplets, as soon
With a further increase in the jet velocity, the jet as the restraint imposed on the flowing liquid by the

breaks up into drops whose average diameter is very orifice wall ceases at the nozzle exit.
much less than the original jet diameter. The droplet
formation, which is caused by the unstable growth of Bergwerk 't noted that a cavitation region may occur
three-dimensional short wavelength waves on the jet within the nozzles. He suggested that large turbulent
surface, occurs some distance (intact length) down- distrubances may be created in these cavitation regions
stream of the nozzle [Fig. 1(c)]. Beyond this point the and play a role in the jet disruption process. Rupe"
liquid jet no longer has a cylindrical form, but rather, postulated that the abrupt change in boundary condition
diverges as a spray (second wind-induced breakup experienced by the liquid flow at the nozzle exit could
regime). destabilize the jet, leading to its breakup.
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7 VIn spite of these and other attempts to explain the
process of atomization, no firm evidence so far has
been provided in support of the various hypotheses, and
no complete theory of atomization exists.

II. EXPERIMENTAL DETAILS

A schematic diagram of the experimental apparatus
used to study the atomization phenomenon is presented
in Fig. 2. The individual components are described in

Athis section (further details may be found in Reitz).
.. ;: ;, Referring to Fig. 2, the apparatus consisted of a

, "framing camera (A), a spray chamber (B), an injection4 "system (C and D), control units (E), and a set of

(b nozzles. The high liquid injection velocities (-104 cm/
sec) and the small length scales involved in this study
(nozzle exit diameters d, -0.3mm) necessitated the use
of high framing rates for the resolution of breakup
transients. The framing camera, manufactured by
Cordin, model 117 and accessories, used a nitrogen
driven turbine with highly polished rotating mirror to
produce equivalent framing rates up to 1.25 million
frames per second (0.8 gsec between frames). The
image, taken through the lens to the surface of the ro-
tating mirror, was reflected back through a bank of 60
focusing lenses, onto a stationary strip of film. This

*produced a "stationary" 20 x 20 mm image (writing time
approximately I interframe time) on each of the 60
frames of film. The spray chamber (25 cm and 45 cm

* ilength) allowed the injection process to be photographi-
cally studied through three 10 cm diam quartz windows.
The injection system delivered 40 cm 3 of the test liquid
at a constant injection pressure. The test liquid in the
liquid reservoir was separated from high pressure
nitrogen (from a 10:1 pressure amplifier system) by a

(a) (C) (d) lightweight aluminum piston. The injection nozzles
were designed so that they could be interchangeably

FIG. 1. Examples of the four jet breakup regimes from Lee mounted in two holders (see Fig. 3). With the unit
and Spencer 2 and Beitz. assembled and mounted, the nozzle insert or extension

_. LIOUNO C . I PRESSURE INTENSFIER FIG. 2. Schemsticdiagramofsp-
RESERVOIR paratus. (A) Cordin model 117

CID camera (A, lens bankandstation-

r~zr4-11,ary film strip, A? rotating mirr-
CAMERA or. and A3 camera lens). (B)

ED K3i spray chamber (B, quartz win-

C, dows. B, electrical heaters. B,
water cooling jacket. B, drain
and safety valves. B% electrical
g0s heater, and B, bottled gas).

SPRA C(C) liquid reservoir (C, nozzleholder. C? test liquid. C, piston.
C4 pressure transducer. CI

charge amplifier, and C6 driver
0pay. (D) pressure intensifier

IC E, (DI pressure amplifier, D, ac-
cumulator, and D3 bottled nitro-

E, en). 4E) electronics and camera
controls 1EI camera goa control

ILs unit, E2 camera speed control
unit. E3 high energy pulse unit.

ELtCTROICS AND E4 oscilloscope. E, flash control
( CAMERA CONTROLS units, and Eg xenon flash tubes).
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FIG. 3. Detallsofnozzleholders, dimensions in inches. ( Retaining ring.(Dl sealing ring,@ conical nozzle insert, and ()nozzle
extension section.

section, through which the test liquid was discharged, Event illumination was accomplished by the simul-
protruded into the chamber gas. To meet the special taneous discharge of two xenon flash tubes positioned
requirement that the nozzle exit face be electrically in- inside the spray chamber (see Fig. 2) (front lighting).
sulated from the experimental apparatus, the conical A storage oscilloscope and trigger unit were employed
nozzle inserts were usually made from plastics. to monitor the liquid pressure and for event synchroni-

The details of the nozzle designs studied are pre- zation. The liquid pressure was indicated by the output
sented in Fig. 4. For nozzle XIV, the tapered section of a fast response Kistler quartz pressure transducer.
intersected a 0.34 mm diam hole, 0.16 mm long, In addition, a single, short duration (- I sec), strobe
drilled from the exit plane side of a brass nozzle, flash served to illuminate the same jet much later in 3
Nozzles VI, VII, VIII, and IX were all of similar over- the injection so that its steady-state appearance was
all design but differed in the method and materials of also recorded.
construction. The tapered section ended in a flat
bottomed shelf parallel to the lower face of the nozzle
insert. A short section of 0.34 mm .d. stainless steel
tubing served as the nozzle passage for nozzle DX.al4
Nozzles VI, VII, and VIII were made from Plexiglass Al .s "'

(VI) and Teflon (VII and VIII) without the stainless steel
tubing. For nozzles XI and XII, the stainless steel i . 3 1s3
tubing was carefully flared at the inlet. The short 5{

lengths of hypodermic tubing were mounted in centrally "
drilled and appropriately enlarged holes in two nozzle (CI NOZZLES M M,.3,
inserts. Finally, the details of the inlet to nozzle II
were similar to that of nozzle XIV. However, in thiscsa different nozzle holder [Fig. 3(b)] was employed

and the nozzle passage was 1.7 cm in length (stainless Isteel hypodermic tubing) as shown in Fig. 4(a). - ts1

In order to prevent the flow of liquid from the nozzle
prior to a test, the nozzle exit holes for all nozzles,
with the exception of nozzle II, was blocked by gluing (a) NOZZLE I (d) NOZZLE X
a 0.13 mm thick length of fuse ribbon over the hole.
The ribbon was necked down at its center and aligned _.'
directly over the nozzle exit hole. In the case of "
nozzle nl [see Fig. 3(b) and 4(a)] the fuel ribbon was
positioned over the tube entrance.

The camera system also included a gas pressure 0 i.) NOZZLE 33
control regulator, camera control unit, and a high en- Ib) NOZZLES U.f' W
ergy electrical discharge pulse unit, (pulse duration FIG. 4. Schematic diagram of nozzle passage designs (a)
approximately -10 gsec), which released a pulse into nozzle nl, (b nozzles XIII and XV. (c) nozzles VI, N11, vin.
the tin fuse ribbon for event initiation, and TX. (d) nozzle.Xl, and tel nozzle XT-dimensions in mm.
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be studied.

The liquids tested were four different mixtures of
mm water and glycerol (0%, 50%, 80%, and 100% wt. gly-

cerol). This permitted a thousand-fold range in liquidr 0 viscosity IuL to be realized with relatively insignificant

.0.L changes in the liquid density PL and surface tension a.

IThe liquid pressure PL ranged from about 33 to 140
-0.2 atm (a fixed value for a given test) and the chamber gas

pressure P, (nitrogen in these tests) range from I to
0.3 20 atm. The test environment was at room tempera-

ture.

The entries in Table I include the specification of the
FIG. 5. Photograph showing nozzle exit hole taken after series nozzle, the test liquid, the injection pressure AP Pli
29. - P,, and the computed jet exit velocity x,. This is

computed from the relation1
7

A. Accuracy and limitations of measurements u. = C, (2 AP/PL)Yi/,

Considerable time was devoted to perfecting the fuse where the CD values were experimentally determined

technique for event initiation. Figure 5 is a typical from the measured total injection duration. In addition,

example of the nozzle eit hole condition taken after a the Reynolds number Re, = Pluodo/pl, Weber number

test. We, = p, u do/a, and cavitation number K = AP/(pg - p,)
(where p, is the liquid vapor pressure) corresponding

The nozzle inlet and exit diameters were measured to each series are included In the table.
using a calibrated microscope to an estimated accuracy
of 3%. Care was taken in the manufacture of the B. Description of photographic results
rounded inlet nozzles to insure that the internal circumfer- A feature of the photographic results of the transient
ence at any station was concentric with the nozzle exit tests is that the appearance of the emerging jet changes
hole. Nozzle tube internal surface roughness dimen- very little from one frame to the next but, instead,
sions were visibly much less than this accuracy limit, changes become evident only when distant frames are

Jet divergence angles could be estimated from the compared. For this reason, the behavior of the emer-
photographs within V and jet intact lengths to within gence of the transient jet may be described and anal-
50p do. The jet velocity was determined with an esti- yzed using a few selected frames instead of all of the
50%ed Theuracy j ocy w. d60 transient photographs, and this is the approach
mated accuracy of 10%. adopted in reporting the results.

The chamber gas pressure and the driver gas pres- The results of six of the series of experiments are
sure remained constant within 5% during any given test. presented in Figs. 6-11. They are series 51, 52, 31,

Ill. EXPERIMENTAL RESULTS 33, 8, and 47 of Table I, respectively. The photograph-
ic results of both the transient and steady-state pic-

A. Range and scope of the experimental tests tures of the same jet are shown together for compari-

Two different and complementing methods of investi- son in each case. The emerging jet is shown at approx-

gation of the high velocity liquid jet breakup process imately twice the magnification of the steady-state

were applied simultaneously. In the first, the initial photograph in each figure.

emergence and breakup details of the liquid jet at the The results shown in Figs. 6 and 7 demonstrate the
onset of injection were recorded by means of the high effect of isothermal chamber gas compression on the
speed framing camera. This is referred to as the behavior of the Jet. Figure 6 shows the emergence and
"transient" (T) method. In the second, or "steady- transient behavior of a water jet, injected into a 10 atm
state" (S) method, a photograph was taken of the same nitrogen environment with Ap = 130 atm (series 51).
jet about 1 sec after the initial emergence of the liquid The nozzle in this case is nozzle XII.
jet into the spray chamber. Thirty-four different sets The head of the emerging jet in frames 15, 20, and
of test conditions, or series, were investigated asshow inTabe I Thse ondiion wee cose to25 appears to be rounded, suggesting the existence ofshown in Table I. Those conditions were chosen to

include the ranges of operating conditions of several a primary vortex leading the jet and interacting with
practical fuel injection systems. the chamber gas. In addition, the body of the jet in

frames 20, 25, and 30 shows some increase in jet
The nozzle exit diameter d, was fixed at 0.34 mm, cross-sectional area from the exit plane up to the head

while the nozzle internal geometry was varied by of the emerging jet. There is evidence of many ex-
making use of the nine nozzles depected in Fig. 4. tremely fine particles traveling with the jet, particular-
These nozzle designs included nozzles with length to ly in the head region and the region of the flow immed-
diameter ratios ranging from j (nozzles XIII and XIV) lately behind it. By frame number 55 the visible jet
to 50 (nozzle 11) and allowed the effect of changes in has reached a steady-state configuration. The jet
nozzle inlet geometry and material of construction to shows evidence of being intact and cylindrical in form,
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TABLE I. Thirty-four operating conditions employed in transient jet breakup studies.

Data AP Pe V0  Ur
Series T S Nozzle Liquid [psi (absolute) cm/sec cm/sec Re, We, K

q 3 0 11, Lid0 - 49.3 1hO 720 100 4.6 x 103 4.6 x 10' 1.71 x 10 101.0 7.2
O8 I I U. L/do 49.3 HO 1500 200 7.0 x 103 7.04 x 10 2.46 x 104 420.0 7.5

16 4 4 VI, L/do-4.4 H2O 820 100 5.3 xls1 5.25x10
s  

2.4 x104 198.0 8.2

17 1 1 VII, L/do=4.3 HO 1400 100 9.2 x10 7.8 x101 3.15 x104 342.0 14.0
18 I I VII, L/d 0 -4.3 H2O 1400 200 8.8 x 103 8.0 x 103 3.01 x 104 627.0 7.0

20 2 2 V, L/do,,4.3 H20 1200 200 8.7 x103 7.13x103 2.98 x10 613.0 6.0

21 1 1 IX, L/do=4.0 H,0 820 15 7.1 x10; 7.1 x 1 0S 2.43 -104 30.5 54.7

22 1 1 IX, L/do= 4.0 H20 1600 15 9.9 x 103 1.11 x 104 3.39 ' 104 59.4 106.7

23 1 1 IX, L/do 4.0 H20 2100 15 1.14 x 104 1.14 x 104 3.9 x 104 78.8 140

24 1 1 IX, Lido- 4.0 H2 0 2000 90 1.11 x 10' 6.35 x i0 3.8 x104 448.0 22.2

25 1 1 IX, Lidof 4.0 H20 1600 100 9.7 x 10' 4.06 x 103 3.32 x 10d 380.0 16.0

26 1 1 DC, L/do= 4.0 H20 1950 150 1.1 x 104 8.2 x 103 3.77 x 104 733.0 13.0
28 6 8 DC, Lido- 4.0 H20 1600 200 9.2 x 103 5.63 X 103 3.15 x 104 685.0 8.0
29 1 1 DC, Lido 4.0 H0 1300 300 9.0 x 103 5.42 x 10' 3.08 -104 983.0 4.33

30 1 1 IX, L do- 4.0 H'0 1900 300 1.09 X 101 8.28 x 103 3.73 x 104 1.44 - I0' 6.33
'31 1 3 IX, Lido- 4.0 50% G + H20 1700 300 9.0 x 10 6.3 x 103 5.88 x 103 1.02 _ 103 5.67

'33 1 1 IX, L/do 4.0 80% G + H20 1700 300 4.5 x 10' 4.47 x 103 3.3 x 102 280.0 5.67

34 1 1 IX, L/d 0 = 4.0 Glycerol 1600 300 2.0 x 103 2.0 x 10' 5.5 71.3 5.33

047 1 3 X. L/do-4.3 50% G + H20 1700 300 1.0 x 104 5.2 x 10 6.53 x 10
s  

1.22 x 103 5.67

'49 2 2 XII, L/d 0 ' -2.1 H,0 2000 15 1.26 K 104 1.03 X 104 4.31 x 10' 96.4 133
50 2 2 )M1, Ldo =2.1 H20 2000 90 1.26 x 104 1.1 x 10' 4.3 x 10' 570.0 22.2

'51 1 1 XnI, Lldo 2.1 H20 2000 150 1.26 x 101 7.10 x 103 4.31 x 10' 956.0 13.3

*52 1 1 XII, Lido= 2.1 H10 1900 300 1.2 x 10' 5.80 x 10' 4.31 x 10' 1.93 X 103 6.3
53 1 1 XII, L/do=-2.1 50% G+1H20 1700 300 1.1 x 104 6.4 X103 7.2 xl0 1.53 x 103 5.67

54 1 1 XII, Lid 0 =2.1 Glycerol 1700 300 5.8 x 103 5.78 X 103 14.2 473.0 5.67

56 2 1 2M, L/do-0.5 H20 550 15 7.8 c 103 7.75 x 103 2.4 x 104 30.0 36.7
57 1 0 XIII, L/do= 0.5 H20 1200 15 1.01 x 104 1.01 x 10' 3.53 x 10 64.4 80.0

58 2 0 Y311, Lido 0.5 HO 2000 15 1.34 x 104 1.11 X 10' 4.59 x 101 109.0 133.0
59 1 0 X]01, Ldo-0.5 H'0 500 100 6.64 x 103 6.6 X 103 2.27 x 10' 178.0 5.0
60 2 1 XIII, L/do -0.5 11:0 1300 100 9.6 x 103 7.63 x 103 3.79 x 101 372.0 13.0
61 2 0 XIII, Lldo0.5 H20 2000 100 1.3 x104 8.0 x103 4.55x104 715.0 20.0
62 3 2 XI11, L/do0.5 %10 1500 200 1.07 x 104 7.43 x 103 3.66 x 101 927.0 7.5
63 1 0 XI, L/do-0.5 H20 2000 200 1.3 x10 1.0 xl04 4.6 x10 1.4 x103 10.0

64 3 1 XIV, Lido 0.5 H20 1700 15 1.2 x104 1.2 x 10 4.1 ,104 87.0 113

'The asterisk means that the results are shown in Figs. 6-11.

near the nozzle exit. Close examination of frame 55 moving with the jet. Particularly striking in this set of
reveals, in addition, that the region beyond about five results is the symmetry of the jet about the vertical
nozzle exit diameters downstream of the exit plane axis. This suggests that the method of event initiation
appears to diverge. employed in these tests has a negligible disturbing in-

The steady-state photograph is shown for comparison. fluence on the subsequent emergence and breakup de-

Here, the jet cross-sectional area is seen to increase tails of the jet.

in the direction of motion starting from about 0.5 do  Starting at the nozzle exit plane, the increase in Jet
from the nozzle exit plane. cross-sectional area (jet divergence) is clearly appar-

ent from frame number 25 onward. The steady-stateFurther compression of the chamber gas has aphtgahmybcoprdwhfr e55fte

noticeable effect on the behavior of the head of the photograph may be compared with frame 55 of the
emerging jet. This is shown in Fig. 7, the results of transient where the head of the Jet is now out of the
series 52. Here, the chamber contains 20 atm nitrogen field of view. This comparison shows similar jet

and all other operating conditions are similar to those divergence angles In the two times.

of Fig. 6. In this case, the Jet head vortex interaction In this case there is no evidence to suggest an intact
with the surrounding gas has been increased. The or nondiverging region of the flow in the immediate
region of the flow in the vicinity of the head of the Jet vicinity of the nozzle exit in either frame 55 or in the
comprises many finely atomized particles apparently steady-state photograph. These figures show that jet
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FIG. 6. Series 51. Water Injec-
tion from nozzle XTI (l/d 0-2.].
rounded inlet) Into 10 atm nitro-

FRAME 15 20 25 gen. Jet velocity 7.1 x20 3

ctn/sec, 2.5x 101 frames/see.

-0

24
6

30 55 STEADY STATE

divergence starting at the nozzle exit can be achieved of what appears to be a cloud in the region of the nozzle
for these operating conditions if the chamber gas is exit hole. This cloud contains relatively slow moving
progressively compressed. driplets as can be seen by tracking its motion on the

The effect of changes in the test liquid are shown in right-hand side of the frames 21, 26, and 31, until it
the next two sets of photographs. Figure 8 (series 31) gradually disappears.
shows an injection of a 50% (wt.) mixture of water and The structure of the jet is similar to that of the pre-
glycerol (p, = 5.7 MHO) into 20 atm nitrogen from vious two figures. It has a leading head region which
nozzle IX (L/ioa4, sharp edged inlet). The injection continually sheds droplets (see, for example, frame 26)
pressure is 113 atm. The steady-state photograph of and interacts with the chamber gas. The region of the
the jet has the appearance of an atomized jet with no flow behind the head shows that the body of the jet
visible intact or undiverging length. In frame 16 an diverges from the nozzle exit plane. A comparison
outline of a jet is barely visible within and to the left between frame 56 and the steady-state photograph re-

-0

mm

FIG. 7. Series 52. Water injec-
tion from nozzle XII (L/d , 2.1.
rounded Inlet) into 20 atm nitro-

FRAME I 20 25 gen. Jet velocity 5.SO1O!

cm/sec. 2.5x 101 frames/sec.

Smm

1 ' 02 44

30 55 STEADY STATE
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FIG. 8. Series 31. 50% water
and glycerol mixture injected
from nozzle IX (L/d o - 4.0. sharp

FRAME 16 21 26 inlet) into 20 atm nitrogen. Jet
velocity 6.3x10' cm/sec. 2.5 x105
frames/sec.

rhmmK
2

31 56 STEADY STATE

veals that the Jet has a similar final divergence angle. exit diameter.

An injection with the same nozzle (series 33) and the Jet diameters measured in the transient frames show
same operating conditions is shown in Fig. 9, but the the jet diameter at the nozzle exit alternating between
liquid in this case is a mixture of 20% water and 80% 70%-90% of the nozzle exit hole diameter. This could
glycerol (Ma = 59.8 H2 o). The ten times increased imply that transient reattachment phenomena were oc-
liquid viscosity has a dramatic effect on the details of curring within the nozzle. The head region of the jet
the flow. The steady-state photograph shows that the does not appear to contain the finely atonized particles
liquid jet must have been completely detached (hy- observed in Figs. 7, 8, and 9. These results shown
draulic flip) from the nozzle walls. The jet diameter that intact jets can be obtained with these operating
estimated from this photograph was 55% of the nozzle conditions if the liquid viscosity is progressively in-

rm0"

F'

FIG. 9. Series 33. 20r water
and 80% glycerol mixture in ject-

FRAME 16 26 36 ed from nozzle IX. (L!do4.0,
mm sharp inlet) into 20 atm nitrogen.

Jet velocity of 4.5x1O3cm/sec.[ 2,5xl0 frames/sec.

STEADY
STATE

45 56
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FIG. 10. Series 8. Water in-

FRAME 30 40 50 lection from nozzle nI L/d,
- 49.3) into 13 atm nitrogen.

Jet velocity 7.0 1, 10cm 'sec.
,,,,en 4. 7x 10'" fra m es/se c.

55 60 STEADY STATE

creased. confirms this finding. The jet in this photograph is

The effect of nozzle passage geometry on the jet seen to exhibit minimal divergence.

breakup process may be seen in Fig. 10. This shows Nozzle 11 with a L/do =49.3 should produce a fully
series 8, a water injection from nozzle II (L/d o =49.3), developed turbulent pipe flow at Re =24,600.1 The ob-
with an injection pressure of 100 atm into a 13 atm ni- served stability of these jets has implications on the
trogen environment. The protruding nozzle tube (see role of liquid turbulence in the atomization mechanism.
Fig. 4(a)l is visible in all of the frames. A thin column
of liquid is seen to precede the emergence of the jet The results shown in Fig. 11 also have implications
and the emerging liquid jet shown in frames 40, 50, 55, on the atomization mechanism. This figure shows an
and 60 of the transient frames shows a great deal of injection from nozzle XI (rounded inlet nozzle, L/d
stability. The corresponding steady-state photograph =4.3) of a 50% mixture of water and glycerol into a 20

F0

FIG. 11. Series 47. 50c water
and glycerol mixture iniected

FRAME 36 41 46 from nozzle XI (L/dv=4.3,
rounded inlet) into 20 stm ni-
trogen. Jet velocity 5.2xI01

M,, cm/sec, 2.5xI0 frames/sec.

51 60 STEADY STATE
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The corresponding steady-state jet divergence angle
0, measured from the steady-state photograph, is
printed at the top of each figure for comparison. A

5.* 012 .. I similar agreement between the transient and steady-
state jet divergence angles was found in the majority
of the tests.

From* from* Fr* Notice that, if the assumption Is made that the mag-
31 16 101" 1 nitude of the spray angle is a airect measure of the

S0 breakup process, the measured quasi-steadiness of the
angle also implies quasi-steadiness of the breakup21 30 mechanism.Ls 26 2 40 The spray angle 0 was found to increase as the cham-

S3 ,.4s ber gas was compressed. This trend, which can be
4 Sseen by referring to Figs. 6 and I for example, is con-

' o 110.. sistent 'with the findings of other authors (see for ex-
°o , ample Giffen and Muraszew's). Furthermore, it was
04 ST 'r also determined that it is the increased gas density,

(A) So.'. 47 WhI S.o 3I tc) $*riot 26 not the increased gas pressure, which results in
larger spray angles upon compression of the gas. This

FIG. 12. Composite diagrams showing transient jet outline for was accomplished by using gases of different molecular
series 47, 31, and 28. weights."'

The results of the present study, supplemented with
other results from Reitz and Bracco," are presented

atm nitrogen environment (series 47). This result in Fig. 13 to demonstrate this effect of gas density on
could be compared with that shown in Fig. 8, an injec- jet divergence angle 9. From this figure it is apparent
tion from the sharp edge inlet nozzle IX made at the that for a given nozzle, jet divergence commences at
otherwise same operating conditions. Immediately the nozzle exit (jet atomization) once a certain gas
apparent is the difference detected in the steady-state density level is reached. Moreover, no evidence of an
photographs. In Fig. 11 the jet shows a substantial in- abrupt transition from the second wind-induced regime
tact or undisturbed length, followed by divergence of (solid data points) to the atomization regime (open data
the jet spray which suggests that the jet breakup may points) is apparent. This transition from one regime
be classified as belonging to the second wind-induced to the next is seen to occur at different gas density
regime. The comparison between the two transient levels for the different nozzles tested.
studies, Fig. 8 corresponding to a jet in the atomiza-
tion regime, reveals little difference in the overall Notice that, for a given gas density level, the jet
appearance of the sets of photographs, apart from the divergence angle is seen to decrease as the nozzle tube
droplet cloud referred to in the discussion of frames length (for the sharp edge inlet nozzles XIV, IX, l,16, 1, 6, nd 3 ofFig 8. n prtiular a ompri- II, and I) is increased. Moreover, for the same length,
16, 21, 26, and 31 of Fig. 8. In particular, a compari- rounded inlet nozzles produce less divergent jets than
son of frame 46 of Fig. 11, with frame 26 of Fig. 8,
reveals 1 striking similarity in the two resu!ts. This sharp edged inlet nozzles.

simila!-ity cou' d imply that no significant change in jet The measured jet divergence angles presented in
breakup mechanism has occurred; although the steady- Fig. 13 can be quantitatively compared with the jet
state photographs, taken alone, could lead one to a breakup theory of Ranz12 and Taylor, 10 which attributes
dilffereni cnnclusion. Indeed, the conclusion that the jet breakup to the aerodynamically induced growth of
transition from the second wind-induced regime to the unstable surface waves. This theory, derived from
atomi;:ation regime occurs smoothly is also reached consideration of infinitesimal surface waves on the
from tie quantitative analysis of the experimental liquid-gas interface, can be confidently applied in the
trends presented in the next section. second wind-induced regime (the solid data points) and

it predicts that
IV. DISCUSSION OF THE RESULTS tn 4r2) ~[P e

A feature of the transient jet experimental results is tan2- pI ] We " (1)
the rapidity with which the emerging liquid approaches
its steady-state configuration. This is further demon- In this equation, the constant of proportionality 1/A
strated in Fig. 12 which is a composite overlay of the must be obtained from experimental data. Ranz1 - used
jet outline from individual frames of the transient measured values of the jet divergence angle from his
photographs and which allows one to visualize the initial experiments to determine that A had a numerical value
development of the jet. Figures 12(a)-12(c), from of 18 or 20, but pointed out that the jet divergence mea-
series 47, 31, and 28, respectively, show that the re- surements of Schweitzer,"0 for fuel sprays, suggest that

gion behind the head of the jet quickly assumes the A has a value of about 3.
final jet divergence angle, Or, which then remains un- The group (A tan 0/2)/4 r (p5/p1 )i/ is shown plotted
altered as the injection continues, against the group f(pj/p,) (Re,/We,)2) in Fig. 14. From
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07# FIG. 14. Theoretical dependence of the jet divergence angle on
& 1 05.0 . - the operating conditions from Ranz. 1

2 EQ"TON Ifor the divergence angle versus gas-to-liquid density
1o ;'W 440.0 .."P' ~ratio increases as the cavitation number approaches

l2O I2 6 4 PJ- 1 the critical one (see Fig. 13). In addition, the results
P9 -P. of series 33 (Fig. 9) and other results reported in Reitz

and Bracco,1' show that non-cavltating jets (detachedFIG. 13. Graph showing jet divergence angle versus flow Jets from sharp edge inlet orifices) exhibit increased

cavitation number and ps-liquid density ratio for nozzles sbility.

I. 11. M. X71. DC. and XIV. stability.

An evaluation of other prominent hypotheses concern-
ing the jet atomization mechanism is presented in more

this figure it can be seen that Eq. (1) predicts that the detail in Reitz and Bracco"' using experimental results
jet divergence angle 6 increases with increasing gas of both the transient and steady-state studies. How-
density and decreases with increased liquid viscosity ever, from the results included in this paper, it can
for the range of operating conditions of this work. This also be concluded that liquid pipe turbulence and liquid
behavior is consistent with the experimental trends for supply pressure oscillations each cannot alone control
tests with a given nozzle, the jet disruption mechanism, due to the observed sta-

The comparison of the experimental results with the bility of turbulent jets (see Fig. 10) and the achievementThe omprisn oftheexprimetalreslts iththe of atomization under constant pressure injection. How-
prediction of Eq. (1), also shown in Fig. 13, reveals

ever, it cannot be excluded that cavitation alone could
that the predicted variation can be met for gas density account for the observed trends.
levels up to about 2.6 x 10-2 g/cm 2 provided that the

constant A is allowed to assume a different value V.SUMMARY
ranging from 3.1 to 28 for each nozzle geometry in
order best to match the experimental results. These Ultra-high-speed filming has been applied to study the
findings indicate that additional phenomena, over and initial transient in the process of atomization of high
above the aerodynamic interaction between the liquid speed liquid jets. The technique was complemented by
and gas flows as represented by Eq. (1), are at play in the simultaneous use of standard spark photography for
the jet breakup process; but this finding is equally a one-frame-picture of the atomizing jet past its trans-
true for jets operating in both the second wind-induced lent (steady state).
and atomization regimes, and therefore suggests a The experiments were designed to include the oper-
continuity in breakup mechanism in the two regimes. ating range of several practical fuel injection systems.

The change in the value of the constant required as Liquid injections from nine individual single hole
the nozzle is changed could possibly be caused by dis- nozzles of differing internal geometry but fixed exit
turbances resulting from cavitation phenomena within diameter (0.34 mm) were studied in the tests. The in-
the nozzle and/or wall boundary layer rearrangement jections were performed at room temperature in com-
effects within the liquid flow at the nozzle exit. The pressed nitrogen environments, maintained at a con-
criteria of Bergwerk," applicable to some of the sharp sant pressure for each experiment, between 1-20 atm.
edge inlet nozzles of this study, predict that cavitation Four different mixtures of water and glycerol were
regions exist within these nozzles for the conditions of used as the spray liquid. In each test the liquid pres-
Fig. 13. This is because the flow cavitation number K sure was kept constant and the range of pressures ex-
(see Table I and Fig. 13) exceeds the critical values plored was 33-140 atm. Photographs of steady-state
also shown in the figure. It may be significant that the jets showed that the jet assumes an approximately
magnitude of the constant A of the aerodynamic theory conical shape which diverges in the direction of the
is seen to correlate with the value of K,, for those flow. The angle of divergence 0,, the spray angle, was
nozzles whose K, values could be estimated from the measured from traces of the jet outline in the photo-
data of Bergwerk, : 5 and that the discrepancy between graphs. The distance from the nozzle to'the point where
the measured trends and those indicated by Eq. (1) the divergence was observed to begin, the intact length,
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ABSTRACT

Delay time and jet divergence angle measured from short-

exposure, backlighted photographs, were studied for flashing

jets at high degrees of superheat. n-Pentane, n-hexane, and

ethanol were injected into nitrogen at two injection pressures

and for three nozzle diameters. Proposed hypothesis for the

delay time based on homogeneous nucleation are not confirmed by

our experimental data. The assumption that the spray angle

is related to the heat-transfer-controlled bubble growth appears

to be supported by our data but important details concerning the

number of bubbles in the jet and the state of the vapor in the

bubble at breakup have not yet been properly explained. Both

delay time and jet divergence angle are found to be sensitive

to the degree of superheat and liquid properties, influenced

by the liquid pressure and insensitive to jet diameter.
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INTRODUCTION

A liquid injected into a gas breaks up into droplets whose
size depends on the mechanism of the breakup process. The mech-

anism of atomization of thermodynamically stable, and dynamically

unstable, liquid jets has been extensively investigated, e.g.
Reitz and Bracco (1979), but that of thermodynamically unstable

jets has received much less attention. Thus, few studies have
been reported of the breakup of superheated liquid jets.

Referring to Fig. 1, the flashing process can be divided

into two consecutive stages: the nucleation of tiny bubbles in-
side the superheated liquid,to which the intact length of the

jet and the corresponding delay time are associated;and the

growth of these bubbles to a size large enough to shatter the
jet, to which the angle of the resulting spray is related.

Brown and York (1962) investigated the effect of the Weber
number and degree of superheat upon the mean drop size. Lienhard

(1966) correlated the divergence angle of water jets with the
degree of superheat by considering the transformation of thermal

energy into kinetic energy of the droplets. Most researchers,

Lienhard and Stephenson (1966), Lienhard and Day (1970), and

Suzuki et al. (1978), concentrated on the stochastic distribution

of the delay time and the bubble growth rate of the flashing pro-

cess. Table 1 gives the experimental ranges of previous and present

works.

For many applications, the delay time and the spray angle are

important to control the spatial distribution of the liquid. In

the present work, both parameters have been measured for different
jet velocities, liquids, nozzle diameters and temperatures.

The experimental apparatus allowed jet configurations to be
observed and photographed. Delay times and the divergence angles
were measured from single, short-exposure photographs and they

*t •-. "
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are reported and discussed separately.

EXPERIMENT

Figure 2 shows the experimental apparatus used for the ob-

servation of flashing jets. It was designed for liquid pres-

sures and temperatures up to 3.5 x 107 N/m2 , 500 K and gas pres-

sures and temperaturesup to 7.0 x 106 N/m2 , 750 K.

The test liquid was housed in the reservoir, as shown in

Fig.3 ,between the piston and the nozzle attachment at the
bottom of the liquic cylinder. Nitrogen gas was introduced

above the piston to maintain the liquid pressure constant during

injection. The drive nitrogen and the test liquid pressures

were read from Heise-17555 and USG-1403 pressure gages. In

addition, the liquid pressure trace during injection was re-

corded by a storage oscilloscope through a Kistler model 603A
water cooled pressure transducer mounted on the liquid cylinder

and a Kistler model 504D charge amplifier.

Eight ,650-watt immersion type electrical heaters were in-
serted into the cylinder wall. For a better control of the li-

quid temperature, a variable autotransformer was used to adjust

the power input to the heaters.

The spray chamber had four windows and was filled with ni-

trogen gas maintained at 1.29 x 105 N/m2 for all the tests. Two

plexiglass windows on opposite sides of the chamber allowed the

flashing process to be observed photographically. An aluminum
plug in a side port was equipped with a Conax transducer and

electrical conductor sealing glands which served as the connec-

tors for thermocouple and heaters wires.

Single short-exposure backlighting photographs were taken.

The camera used was a combination of a 1.05m long aluminum tube
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with bellows, a Polaroid camera back, and a f/3.5, 200 mm

Takumar lens system. The magnification factor of this system

is about 5.6 and the field of view is about 1.5 cm x 2.0 cm.

The jet configurations were recorded by Polaroid type 57 black

and white 4x5 film at about 1 second after the initiation of

the injection when a short duration spark light was triggered

by an electrical signal from the oscilloscope. Based on these

photographs, both the intact lengths and the divergence angles

were measured. The measurements are estimated to be accurate

to within 10 microns for intact lengths and 1 degree for spray

angles to which these correspond. Maximum experimental errors

are 5.5% for the delay time and 3.8% for the jet angle.

For most conditions, more than one photograph was taken.

The average values of the delay time and the jet angle and the

associated statistical standard deviations are shown in Table
4. Due to the stochastic character of the flashing pheno-

menon, standard deviations are generally greater than measure-

ment errors.

In order to measure the relevant liquid temperature as

accurately as possible, an Omega sub-miniature iron-constantan

thermocouple probe with sheath O.D. of 500 um was soldered near

the entrance of the nozzle. Fig. 3 shows the relative posi-

tion between the orifice and the thermocouple head. The temp-

erature of the liquid was read from an Omega model 400A digital

readout when the spark light was flashing. The temperature

readings are estimated to be accurate to within 1K.

Figure 3 also shows the geometry of the three nozzles

tested. All the nozzles have the same configuration, i.e. simple

cylindrical passage with sharp-edged entrance and exit. In

order to check the dependence of the flashing process on the jet

diameter, three nozzles with different sizes were chosen and

their dimensions are given in Table 2. Due to difficulties in
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drilling small orifices, nozzle No. I had an Z/Do ratio of 2.0,

whereas the others had a ratio of 4.0. The entrance of each

nozzle was carefully examined under a scanning electron micro-

scope and the surface roughness was observed to be <5% of the

diameter. A typical photograph of the nozzle entrance is shown

in Fig. 4.

Three different hydrocarbon fuels were tested; they were

n-pentane, n-hexane, and ethanol. The catalogue numbers and

the manufacturers are included in Table 3. In all calculations

the variation of liquid properties with temperature was con-

sidered based on the information from Gallant (1968). The

temperature range of the present experimental work is also

shown in Table 3 for each liquid. Generally broader ranges of

superheat were studied than in previous works.

Another parameter that was varied is the injection pressure

(and velocity). Two different values of AP were employed,

4.14 x 106 N/m2 and 8.96 x 105 N/m2 , thus changing the jet

velocity by a factor of about 2. However, the volumetric aver-

age velocities of the liquid jet were calculated from the volume

of the liquid reservoir, the dimensions of nozzles, and the

total injection time measured at room temperature. U0 may in-

crease somewhat with temperature due to its influence on the

liquid density, but the change is small and does not affect the

results significantly.

RESULTS AND DISCUSSION

Jet divergence angles and delay times were derived from

each photograph for different liquids, injection pressures,

nozzle diameters, and degrees of superheat. All the experimental

conditions and data are listed in Table 4.

iA
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As the jet emerges from the nozzle, its pressure drops to

that of the ambient gas. Under the conditions of our experiments,

thermodynamically stable jets, i.e. cold jets, remain intact for

long times. Figure 5(a) shows this type of jet for n-hexane at

room temperature. But when appropriately superheated, the smooth

jet breaks up suddenly into very fine droplets. Figure 5(b) shows

a typical example of this type of jet. Comparison of Fig. 5 (c)

with Fig. 5(b) reveals the temperature effects on the flashing

phenomena. At higher superheat, the intact length becomes shor-

ter and the divergence angle becomes wider due to the faster phase

change of the liquid into vapor.

DELAY TIME

Lienhard and Day (1970) using homogeneous nucleation concepts

obtained two dimensionless parameters from five variables (tD, oL ,

PL' Do (P v-Pamb)) they chose in their dimensional analysis, a di-

mensionless delay time 0 and a dimensionless superheat *.

(pvPamb) 5/2 Do

a L2 pL1/2 D

and

D (Pv-Pamb)
o L

The physical meaning of the two parameters becomes clear if they

are seen as the products of several dimensionless quantities

4irLDo2 4"

3 tD 4a L/Do

0 F -_ A GmbP m

= 4  • 4 L b (2)4a L /D
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- L is the radius of a bubble in unstable equilibrium;
v -Pamb

41oL 2
AG -T-- R is the free energy required to trigger homogene-

ously a bubble in unstable equilibrium in a pure liquid, as

shown by Frenkel (1955);

(L~ /3  2

to = L-n--L  is the characteristic time of the initial

slow growth of the vapor bubble; 47raLDo 2 is the surface energy;

4 L
U- is the pressure difference across a spherical bubble with

0
diameter of DO at static balance; and Pv-Pamb corresponds to the

degree of superheat of the liquid.

In Fig. 6, the dimensionless mean delay time is plotted

versus the dimensionless superheat for n-hexane jets from three

different nozzles at AP = 8.96 x 105 N/m2. In our experimental

data no systematic dependence of the delay time on the cross
sectional area of the jet was observed even though the area was

changed by a factor of 27. This behavior is unlike that shown
by Lienhard and Stephenson (1966) and Lienhard and Day (1970)

at lower levels of superheat.

The data for n-hexane jets from two different nozzles with

AP = 4.14 x 106 N/m2 is shown in Fig. 7. The dependence of the

delay time on the liquid pressure suggests that in otir experiments

heterogeneous nucleation may have been dominant. The fact that

shorter delay times corresponded to higher liquid pressures could

indicate that dissolved gases may have acted as heterogeneous sites.

Moreover, according to Avedisian (1980) and Blander and Katz (1975),

the homogeneous nucleation temperature is above any temperature
used in our experiments and in the literature and only hetero-

geneous nucleation would be present.
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Figure 8 shows the dimensionless delay time of n-pentane,

n-hexane, and ethanol from the same nozzle No. II with AP =

8.96 x 105 N/m2. The data of each test liquid shows its own

trend although they cluster together.

Figures 6-8 show that factors other than those included in

0 and * influence the delay time of flashing jets. Fig. 9 shows

that the seven least-square fit straight lines of Figs. 6-8 can

be correlated by an equation of the form

tk = c (3)

Where k and c vary with jet diameter, pressure, and liquid pro-

perties due to unidentified effects. In principle, it is still

possible that 0 and * include all the controlling effects of

our data. For that, k and c would have to be shown to be unique

functions of them. Instead, it is more likely that heterogeneous

nucleation influences the initial stability (Ro ) and growth rate

(t ) of the bubbles. An attempt to consider the initial gas con-

tent of the liquid within an existing theoretical framework (Lien-

hard, 1964; Ma and Wang, 1962) was undertaken but did not lead to

a better correlation of the data.

JET DIVERGENCE ANGLE

Lienhard (1966) proposed that the superheat energy of a

fraction of the liquid is transformed into kinetic energy of

the spray thus determining, together with the jet velocity, the

initial angle of the spray (see Fig. 1). For the spray angle

he obtained

a C I Ue C L 1/2 AT(4
7PambJ

where C is a dimensionless constant much less than unit.

A
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In Fig. 10, sin is plotted versus [zLs(P )]
for all the experimental conditions. It can be seen that

Eq. (4) does not correlate the jet divergence angle completely

and that effects of injection pressure, nozzle diameter, and
liquid properties are not included. A comparison of the slope

of each set of data shows that the experimental data can be
rearranged into the form

sin r' [sat 1Pa) ]1/2 AT-AT0 '(5)

siL [pat(Pmb)J U0

by introducing a different empixical constant ATo  for each set
of data (Fig. 11). But the physical meaning of AT0  is unclear

and its value for different experimental conditions cannot be

predicted.

Another approach has been used to represent the spray angle

data. The cross sectional area of jet can be considered as the

sum of the parts occupied by liquid and bubbles,

A = 7- Do2 + iR2n0 2 n (6)

2 nir1
where R2 = r20  - ni= is surface-mean radius of the

bubbles, n = ni is the total number of bubbles in one cross-

section of the jet, and ni is the number of bubbles with radius

ri in one cross-section.

The expanding rate of the jet then can be found by differ-

entiation of Eq.(6) with respect to time,

* 2wRi
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where R and Rs represent the radius and expanding rate
of the jet. At the beginning of breakup, R56D 0 /2 and, referrirng

to Fig. 1

aS(tan 7)Vat breakup U0

2RRtn (7)
0

The asymptotic solution for the heat conduction controlled
bubble growth, as shown by Forster and Zuber (1954), is

S = )I~) .(Ba)
(Cp,LAT)(~ Pvc0L

(a

We can also formulate the expression for the bubble growth rate
phenomenologically as shown in Plesset and Prosperitti (1977).

The heat flux from the liquid into the bubble is approxi-
mately equal to 4R 2 ( p ) AT, where AT' = TL - Tsat (Pb)

L
and Pb is no longer equal to Pamb" This energy is converted into

the latent heat of vaporization, 4R 2RPvhfg, as the bubble grows.
Equating the above two quantities, we obtain

(8b)

Equation (8b) differs from equation (6a) by a factor of %/r/4

and for having AT' instead of AT.
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Hooper and Abdelmessih (1966), Mayinger and Hollborn (1977),

and Suzuki et al. (1978) have observed, in their experiments,

that Eq. (8a) overpredicts the bubble radius especially at

higher degrees of superheat. This deviation is believed to be

due to the bubble vapor pressure equilibrium assumption which is

generally valid when the liquid temperature is just slightly

above Tsat (Pamb).

Dalle, Donne and Ferranti (1975), by comparisons with nu-

merical solutions for vapor bubble growth in sodium, also

found that the use of a modified Jakob number, based on AT',

leads to a significantly improved expression of the vapor bub-

ble growth. We have adopted AT' for the expressions of R and

k, but kept the linear dependence on the degree of superheat

by introducing an empirical constant AT which is equal to the

difference between AT and AT'. Because of the uncertainty about

Pb' the value of AT0 is not known a priori.

Thus, the expressions for R and A in the present work are

(CTATATO)) (% )
(C= h fg v

0 I , P\

and after substituting them in Eq.M(7, the following relation-

ship for the spray angle is obtained

(ta )at breakup (v g (9))

(.o Aft



The jet divergence angle, (tan 7)1/2 is plotted versus

!L C p,L AT .a 1/2

P~d - ff )(h.) in Fig. 12; notice the use of AT in-

steady of (AT-ATo ), and each set of data is seen to have its
own trend. But if it is assumed that the number of bubbles at

breakup is proportional to the jet diameter, that is

where Do I is the diameter of nozzle No. I and C* is the same

empirical constant for all the conditions, then Eq.(9) becomes

ta at breakup 0 C( P hfg

(10)

The jet divergence angle (tan P 1/2 is now plotted versus

in Fig. 13. Notice again the use

of AT instead of (AT-ATo ). The data for three different nozzle

diameters, two liquid pressures, and n-pentane and n-hexane are

seen to coalesce, even though a pressure effect is still dis-

cernible, but those for ethanol are still uncorrelated. Since
the chemical structures of n-pentane and n-hexane are similar,

whereas that of ethanol is different, it may not be unreasonable

to assume that the bubble vapor temperature at breakup is similar ,

for the first two liquids and different for the third one, that
is, to use one value of &TO for n-pentane and n-hexane, 45 K, and

a different one for ethanol, 52.4 1. In Fig. 14, it is seen that

Eq. 10 correlates all the data with the two values of ATo and C* 21

13.8. However, no explanation is available for the number of bubbles

to be proportional to the jet diameter and no method is known to

predict ATo for different liquids.



NOTATIONS

A = cross sectional area of jet. (m )

S= rate of change of jet cross-sectional

area. (um2/Is)

c empirical constant in Eq. (3)

Cp L  = specific heat of liquid. (J/kg*K)
Cp empirical constant in Eq. (4) and (5).

C* empirical constant in Eq. (10)

Do  diameter of nozzle. (um)

D o I  diameter of nozzle I. (um)

hfg - latent heat of vaporization. (J/kg)

k = empirical exponent in Eq. (3)

L - intact length. (mm)

S length of orifice. (mm)

n = total number of bubbles in one cross-

section of the jet.

n. number of bubbles with radius r. in one
1 1

cross-section of the jet.

Pab = pressure of ambient nitrogen. (N/m
2

Pb= vapor pressure inside the bubble. (N/m )

PL = liquid pressure. (N/m )

Pv = vapor pressure at liquid temperature TL. (N/m )

R a radius of bubble. (um)
dR= rate of bubble growth, R - .(Um/s)



NOTATIONS (CONT'D)

R - radius of an unstable equilibrium vapor

bubble, Ro = p a)

R s  =radius of jet. (Um)

s  expanding rate of jet in the radial direction.
(um/s)

r i  spectrum of bubble radius. (urn)

r20 surface-mean radius of bubbles. (pm)

TL liquid temperature. (K)
TLaab = saturation temperature of liquid at Pamb (K)

Tsat(P ) = saturation temperature of liquid at Pbb* W

Tsat (Pb strto eprtr flqi tPb K

t time (s)

tD delay time. (us)

to characteristic time of the initial growth

of a vapor bubble, to - (PLRo 3/2aL)l/ 2 .(s)

Ue = explosive velocity of a flashing jet. (m/s)

U°  = average velocity of jet. (m/s)

Greek Letters:

= jet divergence angle. (degree)

2
L  thermal diffusivity of liquid. (m Is)

AG - free energy needed to create an

unstable equilibrium vapor bubble.



NOTATIONS (CONT' D)

AP meffective injection pressure, AP P * m
(N/rn

2)

AT T T-T (P) (K)
L sat arnb

AT TL-T (P)* (K)
Lsatb~

AT- T sat (P b )-Tsat (P amb) -(K)

AT 0 empirical constant in Eq.(5). (K)

- dimensionless temperature,

Ae= T L- sat vPam
Tsat' L )T sa(Pv

PL density of liquid. (kg/rn 3

Pv density of vapor. (kg/rn 3

a- surface tension of liquid. (N/rn)

(p-P

=dimensionless delay tie 0 = v anib Do21/2D
0L ~L

- dimensionless superheat,* 0 van
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TAUL 1. Superheated Liquid Jet Experimnts

Liquid (N1= 2
Pressure

Teat Gas 1 2 Nozzle
Author Liquid be Pressure (N/ 2 ) Do(om) %/Do  Measurement

Brown and Water and
York Freon-11 bO.5 500-2,000 0.8-3 Drop Size
(1962)

l.01x105  with different
surface roughness

Lienhard and Water 9*0.7 2,400 Delay Time
Stephenson 4,000
(1966)

A~ir 5
l.01x0 5

Lienhard Water rnO.4 3,200 66 Jet Angle
(1966)

Air
1.01x105

Lienhard and Water and m O.7
Day Liquid
(1970) Nitrogen Air 800o Delay Time

l.O1xl0 5  -3,200

Suzuki, Yamamoto
Futagami and (?)
Kaeda (1978) Water s0.7 1.01x10 5  400 1.67-4.00 Delay Time and

and 500 Bubble Growth
2.75x104  600 Rate

Present Work n-Pentane 1.02xl 0

n-lexane 0.25-0.99 and 6
and 4.27x10

Ethanol 1

l.29x105  343 2.0 and 4.0 Delay Time and
660 Jet Angle
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TABLE 2. Dimensions of Nozzles

NO. DIAMETER (Um) t/Do

I 127 2.0

II 343 4.0

III 660 4.0

TABLE 3. Test Liquids and Experimental

Temperature Ranges

Test Liquid Manufacturer Temp. Range (K)

n-Pentane Mallinckrodt, 373 - 396
Inc., 6172

n-Hexane Fisher Scien- 410 - 431
tific Co., H-2 9 1S

Ethanol Dept. of Chemistry, 425 - 432
Princeton University

- ~--



TABLE 4. Experimental Conditions and Data

Run Data Nozzle Liquid APxl -  Uo(m/s) TL(K) L(am) t (us) a (degrees)
(N/a ) Lba;NValue Sta.Dev. man value Sta,.Dev.

1 2 1 - 614 8.96 22.0 419 2.86 130 4.1 49.9 12.6
2 3 1 014 420 2.23 102 17.1 62.5 9.6
3 2 1 a a 421 1.12 50.7 22.5 65.9 0.1
4 3 1 a a 422 1.22 55.4 7.0 72.9 7.4
5 3 1 U a 423 0.94 42.7 7.4 69.9 5.8
6 4 1 a 424 0.74 33.4 5.1 71.8 5.1
7 a 1 425 0.60 27.4 3.8 71.0 10.0
8 3 a a U 426 0.53 24.2 7.3 79.1 5.2
9 5 1 a 420 0.36 16.2 5.5 86.2 5.7
10 3 a a a 430 0.18 8.2 0.0 92.8 3.1
11 2 II 21.2 410 5.58 263 73.8 17.0 5.6
12 1 11 a 412 3.97 187 --- 20.0 ---
13 4 xx a a 413 3.86 182 110.0 23.1 6.5
14 1 11 a a a 435 3.19 150 --- 37.3 ---
15 2 " U " 418 2.32 110 5.0 45.2 0
16 2 1I " a a 419 1.80 84.9 47.2 49.1 20.5
17 2 1 U a 423 0.69 32.5 4.8 69.9 3.8
18 2 11 a 424 0.26 12.3 3.4 82.5 7.8
19 1 X I U " 428 0.08 3.8 --- 90.0 ---
20 1 IlX l 26.9 413 13.25 492 --- 27.0 -
21 1 Il l 419 2.95 110 --- 48.4 --
22 2 i a 421 2.79 104 3.3 55.6 1.9
23 2 ill U 423 2.12 78.8 5.0 76.8 6.6
24 3 ill a a a 424 0.98 36.4 15.1 87.9 14.3
25 1 ill " U 426 0.71 26.4 --- 78.9 ---
26 2 11 a 427 0.73 27.1 7.2 90.0 11.2
27 2 ill o f a 429 0.73 27.1 7.2 103.1 8.6
28 2 1 U 41.4 46.2 415 2.86 61.9 2.7 8.0 0.0
29 2 I a a 420 2.00 43.3 2.4 14.3 1.9
30 1 X a a a 428 0.85 18.4 --- 34.8 --
31 2 1 a a U 430 0.68 14.7 0.3 40.2 8.8
32 1 1 a a U 431 0.56 12.1 --- 47.0 ---
33 3 XX U a 44.4 410 5.14 115 49.8 6.7 0.7
34 1 XX a a a 412 4.73 107 --- 3.8 ---
35 2 XX U U 414 3.50 78.9 1.7 12.2 0.3
36 2 1X a a U 418 1.78 40.1 0 20.0 1.4
37 3 XX U a 430 0.69 15.6 0.6 42.1 1.4
38 1 12 n-C5 "1 2  8.96 24.5 373 12.50 510, --- 6.0 ---
39 1 1X a a U 374 14.25 582 --- 7.0 ---
40 1 XX a U 375 10.54 430 --- 17.1 ---
41 2 11 a a U 378 5.45 222 116.6 22.5 10.6
42 2 11 a a 385 2.59 106 11.6 56.2 4.4
43 1 11 a a U 387 1.64 66.9 --- 62.0 ---
44 2 Xa a a U 389 1.06 43.3 12.7 59.6 1.6
45 2 XX 8 a U 391 0.77 31.4 12.4 77.4 0.8
46 3 XX U a 393 0.69 28.2 4.8 81.4 1.2
47 1 XX a a 394 0.71 29.0 --- 74.8 ---
48 2 XX a a 395 0.27 11.0 2.6 8.0 6.3
49 2 11 a a U 396 0.28 11.4 4.3 97.5 3.2
50 1 1 C2HOH a 19.9 425 8.75 440 --- 24.0 ---
51 3 21 a U 427 4.68 235 54.3 42.5 19.6
52 3 XX U a U 429 4.07 204 218.0 67.7 11.7
53 3 XX a a a 430 1.68 84.4 94.9 84.2 11.1
54 2 XX a a a 431 0.95 47.7 25.9 87.0 3.2
35 2 a a U 432 0.75 37.7 10.8 79.9 4.9



L 1

f 0 *I't
/

Fig. 1 Definitions of intact length and jet divergence
angle (or spray angle).
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Fig. 2 Schematic diagram of the experimiental apparatus.
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Fig. 3 Details of the liquid cylinder and nozzle.
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Fig. 4 Typical photographs of the nozzle entrance of Nozzle III.
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Fig. 6 Variation of dimensionless delay time with dimensionless
superheat for different nozzle sizes at low injection
pressure.
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Fig. a Variation of dimensionless delay time with dimensionless
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ABSTRACT

Liquid jets are considered issuing from single-hole,

round nozzles into quiescent gases under conditions such

that they break up into a well defined conical spray imme-

diately at the nozzle exit plane. The initial angles of

such sprays were measured at room temperature by a spark
photography technique. Water, n-hexane, and n-tetradecane

at pressures from 11.1 MPa to 107.6 MPa were injected

into gaseous N2 at pressures from 0.1 MPa to 4.2 MPa through
ten nozzles of different geometries. Under the test condi-

tions,the spray angle is found to be a strong function of the

nozzle geometry and the gas-liquid density ratio and a

weak function of the injection velocity. The measured trends

are then discussed in the light of possible mechanisms of the
breakup process and shown to be compatible with the aerody-

namic theory of surface breakup if modified to account for

nozzle geometry effects.



Introduction

The subject of this paper is very narrow: the initial

angle of the sprays that are formed in diesel and stratified-

charge engines when fuel is injected directly into the com-

pressed air in their combustion chambers through cylindrical

holes. Such angle is important because it influences the

axial and radial distributions of the fuel and, ultimately,

efficiency and emissions. Of interest is the dependence of

the angle on the geometry of the nozzle, and the dynamic and

thermodynamic states of liquid and gas at the moment of in-

jection.

Typically, the injector head is made up of groups of
straight, round holes (shower head) 200 to 600 Vm in diameter

with length-to-diameter ratios between 2 and 8. The pressure

difference is greater than 10 MPa, and in some designs is even

higher than 100 MPa, so that the resulting initial jet velocity

is greater than 102 m/s. Such jets are observed to breakup
into drops 1 to 10 Vm in diameter within distances from the

nozzle exit also of the order of 1 to 10 Um. This is only one

of many modes in which liquid jets breakup into drops and
has been labelled [ 1I the atomization regime on account of

the minute drops it forms and its suddenness.

Obviously more than the initial angle of the spray is of
interest in IC engine applications. The initial distribution

of drop radii and velocities are also very important quantities.

But the small size, high speed, and high drop number density

of atomizing jets make drop size and velocity measurements very

difficult, even at the outer edge of the spray, and no technique

seems to have been found to probe the jet inner structure where

most of the drops are formed.

On the other hand the measured dependency of the spray

angle on various parameters can be a clue to the mechanism of

atomization, and if such mechanism is identified, predictions

may be possible of the quantities that are difficult to measure.
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An atomizing jet is shown in Figure 1 together with in-
formation that will be used later. In earlier work [1-3),

the measured spray angle was found to follow the simple re-

lationship

A p 1/2
tan f ( ( )

where 6 is the spray angle, p the density of the gas, p, the
density of the liquid and A is a constant for a given nozzle

geometry (Fig. 2). However four data points at the high den-
sity ratio of 0.0515 fell below the general trends. Also,

although the range of parameters was rather broad (see Table 1),

only water-glycerol mixtures were used, the exit diameter of

all nozzles was approximately equal and cavitation was present

in all tests. Finally, even though nine nozzle geometries were
explored, all had sharp exit edges. Thus in the present work

we explored a broader range of density ratios, and used different
liquids, cavitation-free nozzles, and nozzles of different dia-

meters and with rounded outlets. We also extended the mea-

surements to higher injection pressures (up to 107.6 MPa). The
narrower objective was to test the range of validity of Equation

(1,the broader one was to collect additional information for
the search for the mechanism of atomization.

This paper is organized as follows. First,

experimental apparatus and procedure are described, then the

range of the parameters explored and the measured spray angles

are reported, and finally the possible implications of the mea-
surements with respect to the mechanism of atomization are

discussed.
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APPARATUS AND PROCEDURE

The experimental rig consisted of a spray chamber, a

liquid pressurization system, a nozzle assembly, and in-

C strumentation. Only a summary of the apparatus and the ex-

perimental procedure is given here. Details are available

in E1) and [4].
Spray Chamber. The spray chamber was a cylindrical

steel container, 19 cm ID and 48 cm in length, with four

circular windows 10 cm in diameter. It was designed to with-

stand pressure up to 7.0 MPa at 750 K but the reported ex-

periments were all conducted at room temperature. The liquid

injections were along the axis of the chamber. The chamber

was filled with Liquid Carbonic high purity nitrogen at the

desired pressure. The gas density at all pressures was cal-

culated based on the data in [5].

Pressurization System. Two techniques were used to

pressurize the liquid. For liquid pressures up to 38.0 MPa,

a local liquid reservoir was used with a valve mechanism

(Fig. 3) that allowed a constant pressure, essen-

tially motionless liquid, to be kept upstream of the nozzle.

41 MPa nitrogen gas from Matheson, after proper regulation

with a Matheson model 3075 regulator, was used to pressurize

the test liquid. The valve system included a solenoid con-

trolled pressure amplifier, a hydraulic power cla.p, and a

valve rod. 0- rings made of neoprene from Sandem Industries

were used between the valve rod and the liquid reservoir for

the sealing; a hand-lapped metal-to-metal seal was used

between the valve rod and the valve rod seat. The solenoid

controlled pressure amplifier was driven by the gas from the

pressurized nitrogen tank and created high oil pressure to

operate the hydraulic power clamp which in turn lifted the
valve rod off its seat. When the nitrogen gas in the pressure

amplifier was vented, the spring in the hydraulic power clamp

forced the valve rod back to its seat.
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For pressure between 38.0 MPa and 207 MPa the liquid

reservoir was not immediately upstream of the nozzle and the

test liquid flowed to the nozzle during the experiment through

conduits of inner diameter no less than 6.9 times that of the

nozzle (Fig. 4).

Test liquid was pumped into the liquid reservoir and the

injection cylinder with a hand pump. Liquid and trapped air
bubbles were bled out through two bleeding valves which were above

any part of the liquid conduits,and the liquid inlet and out-

let valves were closed,thus isolating the test liquid. Test

liquid was then pressurized by the driver liquid (Diesel oil)

which was in turn driven by a Miller Fluid Power H66R pressure

intensifier.

A valve unit, housed in the injection cylinder, controlled
the initiation and termination of injection. A hole of 0.635

cm diameter through the valve unit allowed the pressurized

liquid to flow through. A piece of rubber was glued on the

lower end of the valve unit and sealed the nozile very well.

Nitrogen gas was used to control the movement of the valve

unit. Initially, the upper control gas chamber was filled with

nitrogen gas at about 1.0 MPa, thus keeping the valve unit in

the closed position. The valve unit opened when nitrogen gas

at higher pressure was introduced into the lower control gas

chamber. As the gas in the lower control gas chamber was vented,

the valve unit was forced back to its seat and stopped the in-

jection.

Nozzle Assembly. Ten injection nozzles with seven dif-

ferent geometries, as listed in Table 2, were used in the ex-

periments. The geometries could be divided into four groups:
constant diameter tube with L/d ratio of 4.0, rounded outlet noz-

zle, straight sided diverging nozzle, and straight sided con-
verging nozzle. The details of the geometries are shown in

Fig. 5,and the reasons for selecting these geometries will be

discussed later.



All the nozzles were made of 8A 303 stainless steel. The

diameter of the orifices ranged from 254 to 660 un which is

within the range of sizes used in Diesel engines. The orifice

was drilled in the nozzle piece under an optical microscope with

a microdrilling machine from National Jet.

Also, the entrance and exit of the nozzles were examined un-

der a scanning electron microscope from different angles to assure

that the desired sharpness (or roundness as may be the case) was

obtained in the machining and not altered during the tests. The

surface rouchness was observed to be less than 5% of the diameter.

Typical photographs of a nozzle are shown in Fic. 6.

Instrumentation and Accuracy. For the low liquid pressure

apparatus, the driver nitrogen gas pressure was measured with a

Heise-17555 gage, and chamber gas pressure was measured with a

US Gage USG-132603 gage. The accuracy of the driver gas was t0.2

MPa and that for the chamber gas was ±0.03 MPa.

In the ultra-high liquid pressure tests, the driver liquid
pressure was measured at the pressure intensifier with a Heise-

17555 gage having ±0.2 MPa accuracy. Test liquid pressure was
read from an AMINCO 47-18340 gage whose accuracy was ±0.3 MPa

In every test, the test liquid pressure during injection
was also measured by a Kistler Model 307A pressure transducer,

and Kistler Model 504 charge amplifier and the signal recorded

by a Tektronix model 7313 oscilloscope with plug-in units 7A18

and 7835A. Figure 7 shows a typical photograph of the liquid

pressure trace taken from the screen of the oscilloscope. The

delay trigger out function of the oscilloscope was used to trig-

ger the spark light after the liquid pressure had reached a

steady value.

The sprays were illuminated by a high intensity short flash
duration Xenon Model N-789B Nanolamp; a quartz lens was placed

between the Nanolamp and the window on the spray chamber to col-
limate the light beam. The camera was an aluminum tube 107 cm

long and was equipped with a Takumar 200 mm, f/3.5 lens, a

mechanical shutter, and a Polaroid film back.
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The magnification of this system was about 5.6 and the field

of view was about 1.5 cm x 2.0 cm. The film used was Polaroid

type 57 film. During the experiment, the Nanolamp was actuated

by a preset delay trigger out signal from the oscilloscope.

The time delay between valve opening and light flash was be-

tween 0.5 to 1.0 seconds as shown in Fig. 7. The shutter

was opened manually before light flash and the exposure time

of the back lighted photographs was determined by the flash

duration of the Nanolamp,which was about 20 nanoseconds.

Water, n-hexane, and n-tetradecane were used as test

liquids. Their sources and properties, obtained from [6)

are listed in Table 3.

Spray angles were derived from photographs for each con-

dition, as shown in Fig. 1. The accuracy of the measurement

was within 0.50. The arithmetic average of spray angles was

calculated. The standard variation of each condition is shown

by an error bar in the results.

It should be mentioned that in the high pressure rig, in

which the test liquid upstream of the nozzle flowed during the

test in conduits of inner diameter no less than 6.9 times that

of the nozzle (Fig. 4), the Reynolds number in the upstream lines

was estimated to range from 12,800,when the effective injection pres-

sure was 11.0 MPa, to 24,000 when the effective injection pressure

was 103.4 MPa. Since the distance between the liquid reser-

voir and the nozzle in the injection cylinder (t70 cm) was

more than 100 times the diameter of the tube and the Reynolds

number of the liquid in the tube was always in the turbulent

range, the flow of the test liquid was turbulent before the

liquid reached the nozzle. Therefore, a honeycomb of 0.08 cm

hole diameter and 2.54 cm length was placed between the valve

unit and the injection cylinder to guide the liquid back to laminar

flow. However, the honeycomb was of poor construction and

small pieces of it continually blocked the nozzle. Eventually

the honeycomb was removed and all data were obtained without

it, but still with a volume of 4.7 cm3 between the
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upstream lines and the test nozzle in which the test liquid

slowed down to negligible speed (50 cm/s). In any case, the

results of the P. - 15.3 MPa series were compared with those

of the Ap - 11.0 )Pa and 13.8 MPa series obtained from the low

and moderate pressure system (Figures 10 and 13). and no dif-

ference was observed in the measured spray angle.

rI
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MEASURED SPRAY ANGLES
The conditions of all tests are summarized in Table 1 with

details given in Table 4.

High Density Ratio, Surface Tension, Nozzle Diameter. As

pointed out in the introduction, earlier work [1-3] had indi-

cated that, for a given nozzle geometry the spray angle is a

function primarily of the density ratio (Equation (1)). How-

ever, there were four isolated data points at the highest den-

sity ratio (0.0515) of that work that did not fit Equation (1)

and nozzle diameter, liquid density,and surface tension were

not varied even though viscosity and pressure of the liquid,

pressure and density of the gas and nozzle geometry were varied

over broad ranges. Thus the first priority of this work was
to assess the validity of Equation (1) in the high density ratio range

and by varying the liquid surface tension and the nozzle dia-
meter while keeping the same nozzle length-to-diameter ratio.

The results of Figures 8 and 9 show that Equation(l) continues
-3 -

to be valid even for density ratios between 26xlO and 61x10 3

and that surface tension and nozzle diameter have no discernable

effect on the initial angle of the spray.

High Injection Pressure. A recent trend in the design of
Diesel injectors is toward the use of very high injection

pressures, up to 207 MPa instead of the more traditional maxi-

mum pressures of 35 MPa. Thus it is of practical interest to

know whether Equation (1) continues to hold at the higher in-

jection pressures. The results of Fig. 10 (nozzles 11(b) and

II(c)) show that it does at least up to pressures of 107.6 MPa.

(To make sure that the high injection pressures had not altered

the nozzle, besides taking the standard electron microscope
pictures of the nozzle entrance before and after the tests, the
spray angle from low pressure injections was also measured be-

fore and after the high pressure ones, and no changes were found

as shown in Figure 11.)
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Cavitation-Free Nozzles. Another important question that

had not been addressed directly by the earlier work is whether

cavitation alone could be responsible for atomization, since

nozzle designs and operation conditions were such that some

degree of cavitation was expected in all tests. To see whether

cavitation can be the only mechanism of atomization, it was

necessary to use cavitation-free nozzles. Nozzles VI and VII

are expected to be cavitation-free and produced atomized jets

as shown in Figure 12. Thus cavitation cannot be the only

mechanism of atomization. Also interesting is that the angle

of the sprays from these nozzles continue to follow Equation

(1).

Rounded-Outlet Nozzles. One parameter of the nozzle geo-

metry that had not been previously tested for its possible ef-

fects on the spray angle is the radius of curvature of the exit

edge of the nozzle (the radius of curvature of the entrance

edge of the nozzle was tested and found to be very influential).

Thus three nozzles (nozzles IV(a), IV(b), and V) with different

exit geometries were employed and they gave the same spray angles

as those with sharp outlets (Fig. 13).

I.t
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DISCUSSION

The data of this and earlier publications are valuable in

that they can be used directly to predict the injection spray
angle in Diesel engines. Since the residence time of the liquid

within the nozzle generally is less than 10-5 s, and that the

initial breakup near the exit of the nozzle occurs on time scales

of 106 s, the instantaneous upstream pressure can be used and

heating effects due to gas-liquid energy transfer are negligi-

ble [2].

The same data can also provide insight into the mechanism

of disruption of the outer surface of the jet. However, this is
a difficult step that requires assumptions that appear reasona-

ble but cannot be fully supported. The first of such assumptions

is that the larger the initial angle of the spray the more un-
stable is the outer surface of the jet. The statement is true

in the limit, in that a jet that exhibits zero angle near the

nozzle is stable there.

With the above assumption, in earlier work, it was con-

cluded that each of many proposed mechanisms of breakup cannot

explain the measured trends alone: if aerodynamic surface
wave growth were the only mechanism, the spray angle should
have been independent of nozzle geometry; if pipe turbulence

were the only mechanism, jets from fully developed pipe flows

should have been more unstable; if the rearrangement of the

cross-section axial velocity profile of the jet were the only
mechanism, then jets with laminar cores should have been more

unstable; if upstream pressure oscillations were the only
mechanism, then our jets should have been stable since the up-

stream pressure was constant in our experiments; and if wall

boundary layer exit velocity profile relaxation effects were

the only mechanism, then the breakup should have been indepen-

dent of the gas density.



The data presented in this article further rule out cavi-

tation as the only mechanism of breakup: if cavitation were
the only agency of breakup, then nozzles VI and VII should have

yielded intact jets since the flow within them was free of

cavitation.

The fact that the spray angle was rather insensitive to
the injection velocity is additional evidence that the disrup-

tion of the wall boundary layers at the nozzle exit is not a

major factor in the atomization process. In a turbulent

boundary layer, the wall stress increases roughly as the square

of the flow stream velocity or, in our case, proportionally to

Ap, which was varied by a factor of 9.4 (Figs. 10 and 13) with
only minor effects on the spray angle. Similarly the rounding

of the exit edge had no effect on the spray angle even though

it is likely to have altered the rate of readjustment of the
wall boundary layers.

Finally, the new data lends additional support to the
hypothesis that aerodynamic interaction at the liquid-gas in-

terface is a major component, but not the only component, of

the mechanism of atomization. Indeed, for a fixed nozzle geo-

metry, the measured spray angle behaves as predicted assuming

that the aerodynamic interaction is the only mechanism of break

up.

Taylor [7] studied the rate of growth of the perturbations

of planar liquid surfaces induced by gases flowing over it.

He considered the limit P << pi and included the effects of

liquid viscosity and surface tension. Ranz [8) applied Taylor's

results to round jets for the limit case in which the wave

length of the fastestgrowing perturbation is much smaller than

the jet diameter, and obtained the following expression for

the spray angle

e p p1/2 Re.,2
tan -4w( flpg We_ (2)

li We",
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where A is a constant not determined by the linear stability

analysis and f is given in Fig. 14, and is seen to tend to

/V/6 when its argument is greater than unity. At this

limit Equation 2 reduces to Equation 1.

For the data of Figures 8-13, the arqu-
ment of f is no smaller than 0.4 so that the spray angle

should be a function mostly of the density ratio. This is

seen to be the case, for a given nozzle geometry at all density

ratios including the high values which had not been adequately

explored in our earlier work. Equations(1)and(2)reproduce the

data also for different nozzle geometries provided that the

constant A is given different values for different geo-

metries. No element of the nozzle geometry enters the aero-

dynamic theory of Taylor and Ranz, and therefore such theory

alone does not explain the process completely. The theory must

be "supplemented" with a mechanism by which the nozzle geo-

metry influences the breakup process. Such a mechanism has not

yet been identified so that for the time being A must be con-

sidered an empirical constant.

Actually, there are hints that even the supple-

mented aerodynamic theory of atomization complies only with

the most pronounced, and practically important, of the mea-

sured trends. Thus it would predict that the spray angle
decreases monotonically with increasing jet velocity, tending

to be independent of it in the limit:

P£ Re£ 2
PE- (Ret) 2 >> .

Figuresl5 and 16 show that the measirenents follow the predicted
trend at sufficiently high density ratios but exhibit a mild

opposite trend at lower density ratios. In fact, from Figures
8-13 it can be seen that Equation (2),,which is predicted by the

theory, does not represent the measured trends as well as Eq.(1)

which is supposed to be less accurate.

1U
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In summary, the physical picture of atomizing jets that

has emerged from this and earlier work can be stated briefly

as follows. The surface of the liquid emerges from the nozzle

already perturbed by events that occur within the nozzle it-

self and are affected by its geometry. The perturbations are

selectively and rapidly amplified by the aerodynamic interac-

tion with the gas until the outer surface of the jet breaks up

into drops. The size of the drops and the intact length of

the surface are much smaller than the jet diameter. The depth

from the surface of the jet to which the above drop formation

mechanism could possibly apply is not known, but the relative

velocity between the two phases should decrease rapidly inside

the jet. Since only isolated drops are found far downstream,

the breaking up of the jet must continue even in its interior.

However, initially the gas-volume-fraction at the core of the

jet is so small that it is not likely that isolated drops

exist within it separated by minute amounts of gas. It is more

probable that liquid and gas form two mingled and fast changing

continua (Fig. 1). This has been called the churning flow regime

[9,10). For typical spray angles of l0, about ten diameters down-

stream of the nozzle exit the average gas-volume-fraction on the

jot cross-section can be already 90%. Individual drops could exist

even deep into the jet but they would be colliding and often re-

combining [9,10) . This has been called the thick spray regime

[9,10J and lasts as far downstream as strong direct drop inter-

actions persist. Vinally, farther downstream in the thin

spray regimedrops are so far apart from each other that they inter-

act only indirectly through their collective effects on the en-

trained gas [9,10).

The above structure of the churning flow and thick spray

regimes are only hypothetical since no measurements have been

made in the inner part of the jet near the nozzle due to the

small length and time scales of the process and the opacity of

the core. But it is clear that the resulting downstream
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distributions of drop sizes and velocities, and the effects

that influence them at the various stages, are far from being

well understood in spite of the attention they have received and

of their long-established practical importance.
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NOMENCLATURE

A = dimensionless nozzle constant in Eqs.(l)
and (2)

d - nozzle diameter, um

P (Re, 2
f = function of- ( ,Fig. 14

g We

K = cavitation number,
Pg-Pv

L = nozzle passage length, pm

P= pressure of gas and liquid, MPa

P - vapor pressure of liquid, kPa

r - radius of curvature of nozzle exit edge, pm
P Uvo d

Re - Reynolds number, 't Vol

T - test liquid injection duration, s

TgTj - temperature of ambient gas and test liquid

Uideal ideal jet velocity, cm/s

UVo= volumetric averaged velocity of jet, cm/s

We9  = Weber number, k

= nozzle inlet approach angle , degree

Ap= effective injection pressure, P I-Pg, MPa

e = spray full angle, degree

Pg'l9  - kinematic viscosity of gas and liquid, dvre*

S91' PI density of gas and liquid, _ cm
cm

a I gas-liquid surface tension, dyne/cm
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TABLE 1. Summary of Test Parameters

Ref. [1-3] Present Work
Test Liquid Water, Glycerol, Water, n-Hexane,

and Their Mixtures and n-Totradecane
P 0.998 - 1.261 0.7C3 - 0.998

P 3.9 - 18.0 11.1 -107.Z

l 0.010 - 17.596 0.0032 - 0.0218

63.0 - 72.8 18.4 - 72.8

T room temp. room temp.

Ambient Gas N2 ,He, and Xe N2

pgxlO3  1.1 - 51.5 1.2 - 48.7

P 0.1 - 4.2 0.1 - 4.2

lgxl04  1.70 - 2.26 1.70

T room temp. room temp.

Nozzle Geometries 9 7

d 343 254, 343, and 660

L/d 0.5 - 85 z0 and 4.0

Argument of f 1.3x10 4 - 1.6x10 0.4 - 420

Pg/Pt x 1 1.1 - 15.6 1.8 -73.2

I.

... .. .. , .. . .... . . . .. . .. .. . ... , , :, ,



TABLE 2. Nozzle Geometries

DESCRIPTION
NOZZLE CLASS d(1m) L/d r a(degree)

I Constant Diameter Tube 254 4.0 - 180

II(a),(b),

and (c) Constant Diameter Tube 343 4.0 - 180

III Constant Diameter Tube 660 4.0 - 180

IV(a) and
(b) Rounded Outlet 343 4.0 id 180

V " 343 4.0 d 180

VI Straight SidedDiverging Nozzle 343 0 - 180

VII Straight Sided
Converging Nozzle 343 0 - 90



TABLE 3. Test Liquids and Their Properties

WATER n-HEXANE n-TETRADECANE

Manufacturer Tap Water Fisher Scientific Eastman Kodak
and Co. Co.

Catalogue Number H-291 13090

Density Pt 0.998 0.665 0.763

Surface Tension at 72.8 18.413 26.7

viscosity U~, 0.010 0.0032 0.0218

012,-
lt53.0 33.0 1.5

Vapor Pressure 2.3i4 16.5 less than
Pv 0.1~4
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FIGURE CAPTIONS

Fig. 1. Typical atomizing jet

Fig. 2. Predicted (Equation 1) and measured spray angle versus gas-
liquid density ratio [i

Test liquid: water
Gas : nitrogen
Nozzle : d - 340 um

: : straight sided converging nozzle, L/d - 0.5, A
-3.1IV: constant diameter tube, L/d - 4.0, A - 3.9

: constant diameter tube, L/d - 10.1, A - 8.0
* : constant diameter tube, L/d - 49.3, A - 13.4
A : constant diameter tube, L/d - 85.0, A - 28.0

Fig. 3. Schematic diagram of the system for liquid pressures up to
38.0 MPa with details of the injection cylinder.

Fig. 4. Schematic diagram of the system for liquid pressures between
38.0 and 207 MPa with details of the injection cylinder.

Fig. 5. Nozzle piece with details of nozzle geometries, unit mm

(A) constant diameter tube nozzle: I, II(a), II(b),
11(c), and III
(B) rounded outlet nozzle : IV(a), IV(b), and V
(C) straight sided diverging nozzle • VI
(D) straight sided converging nozzle : VII

Fiq. 6. Typical electron microscope photographs of entrance and
exit of nozzle IV(b) before and after ultra-high liquid
pressure tests.

Fig. 7. Pressure trace of test liouid and delay trigger out
signal from the oscilloscope.

Fig. R. Spray angle for different test liquids

test liquid: 0- water, A- n-hexane, and 1- n-
tetradecane

Ap - 13.8 MPa
Nozzle a 11(a)



FIGURE CAPTIONS (cont.d)

Fig. 9. Spray angle for different nozzle diameters

test liquid : n-hexane

Ap - 13.8 MPa

nozzle : 0- I A- II(a), and 0- III.

Fig. 10. Spray anole for nozzles II(a), II(b), and II(c) for
injection pressures up to 107.6 MPa

test liquid : n-hexane

nozzle II(a), Ap - 11.0 MPa

0 : nozzle 11(a), Ap - 13.8 MPa

O : nozzle 11(b), pI = 15.3 MPa, before P - 91.8 MPa
tests £

: nozzle II(b), pz= 15.3 MPa, after P - 91.8 MPa tests

: nozzle II(b), p= 38.0 MPa

0 : nozzle II(b), p = 64.9 MPa

O : nozzle II(b), p= 91.8 MPa

V : nozzle II(c), Ap = 34.5 MPa

>: nozzle II(c), Ap - 68.9 MPa

: nozzle II(c), Ap - 103.4 MPa

Fio. 11 Spray ancle for nozzles II(b) and IV(b) before and
after ultra-hich pressure tests

test liquid : n-hexane

Po- 15.3 MPa

O : nozzle 11(b), before P - 91.8 MPa tests

* : nozzle 11(b), after P£ - 91.8 MPa tests

03: nozzle IV(b), before P1 91.8 MPa tests

* : nozzle IV(b), after P1 a 91.8 MPa tests
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FIGURE CAPTIONS (cont.d)

Fig. 12. Spray angle for cavitation-free nozzles VI and VII

test liquid : n-hexane

Ap : 11.0 MPa

: nozzle VI

O : nozzle VII

Fig. 13. Spray angle for rounded outlet nozzles IV(a), IV(b),and
V

test liquid: n-hexane

40: nozzle IV(a), Ap = 11.0 MPa

O : nozzle IV(b), P£ - 15.3 MPa, before P£ 91.8 MPa
tests

0 : nozzle IV(b), P£ X 15.3 MPa, after P. - 91.8 MPa
tests

: nozzle IV(b), P£ - 38.0 MPa

0 : nozzle IV(b), P£ = 64.9 MPa

0 : nozzle IV(b), P£ = 91.8 MPa

V : nozzle V, Ap = 11.0 MPa

Fig. 14. Predicted spray angle from Ranz [8]

Fig. 15. Effect of injection pressure on spray angle for nozzle
11(b)

test liquid : n-hexane

O : nozzle II(b), P - 15.3 MPa, before P£ - 91.8 MPa
tests

* : nozzle II(b), P1 - 15.3 MPa, after P£- 91.8 MPa

tests

: nozzle II(b), Pk - 38.0 MPa

o : nozzle 11(b), P1 - 64.9 MPa

o : nozzle 11(b), P£ - 91.8 MPa



FIGURE CAPTIONS (con.t)

Fig. 16. Effect of injection pressure on spray angle for nozzle IV(b)

test liquid : n-hexane

O : Pi - 15.3 MPa, before P. - 91.8 MPa tests

*: PI - 15.3 MPa, after P£ - 91.8 MPa tests

A : P£ - 38.0 MPa

0: P - 64.9 MPa

0: Pt - 91.8 MPa

N

L______ _____
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On the Mechanism of Atomization

of a Liquid Jet

R. D. Reitz and F. V. Bracco

Department of Mechanical and Aerospace Engineering

Princeton University, Princeton, New Jersey 08544

.n the ato7,ization recime of a round liquid jet, a diverging spray :s

ozserve r iru-ediatelv at the nozzle exit. In this regime, the re:h-

anis7 that controls the breakup of the jet has not yet been deter-

:ined even though several have been proposed. The jet ato7lzatznr

mechanis, was investigated experimentally using two photocra;h'i

techniques to record the initial transient and the steady state

havior cf high velocity liquid jets. Injections under constant li-

quid pressures from 500 psia (33 atm) to 2500 psia (166 at -' were

st-.;died with 5 different mixtures of water and Ql]\cerol. Thn at-

mosphere was nitrogen, helium, and xenon with gas pressures ur tc

600 psia (40 atm) at room temperature. Fourteen nozzles were usc 4

with length-to-diameter ratios ranging from 85 to 0.5 with sharr an4

rounded inlets, each with an exit diameter of about 343 . An

evaluation of previously proposed jet atomization mechanisms sh,.-i

that aerodynamic effects, liquid turbulence, jet velocity prof! o



2

rearrangement effects and liquid supply pressure oscillations each

cannot alone explain the experimental results. From the results it

is concluded that cavitation phenomena, alone, could possibly explain

the results in the atomization regime, but the more likely mechanis.

combines aerodynamic effects with liquid cavitation and/or wall

boundary layer profile relaxation phenomena. The conclusions were

reached by varying the liquid pressure and viscosity, and gas pres-

sure and density and the nozzle geometry as stated. However, the

nozzle exit diameter, the liquid surface tension and density and

the cas and liquid temperatures were not varied significantly. Tne;r

variations may necessitate consideration of additional effects in tne

mehani osmf atomization.

1. INTRODUCTION

The injection of a liquid through a nozzle into an initially

stagnant gas in the atomization regime results in a divercinc

spray immediately at the nozzle exit. Droplets are produced with

sizes very much less than the nozzle exit diameter. Here the

breakup mechanism is unknown.

Castleman I postulated that jet atomization is due to aerc-

dynamic interaction between the liquid and the gas and Ran:2

proposed that the drop sizes are related to the wavelengths of

unstable aerodynamically induced waves growing on the surface of

the liquid jet. This model of jet atomization has also been
3

analyzed by Levich3 . Various authors have objected to this model,

reasoning that aerodynamically induced wave growth requires a
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finite time to develop and therefore an intact (unbroken) length

should be observed. Thus, DeJuhasz4 proposed that the jet break-

up process occurs within the nozzle itself and that liquid tur-

bulence may play an important part. Schweitzer 5 suggested that

the radial component of velocity in turbulent pipe flow could

cause the immediate disruption of the jet at the nozzle exit.

Other mechanisms based on liquid turbulence have been proposed
by Holroyd6 and Sitkei7

Bergwerk 8 argued that the turbulent velocity components in

the Re-nolds number range of interest are not of sufficient maz-

nitude to explain the observed atomization phenomenon. He con-

cluded that liquid cavitation phenomena could create large anzli-

tude pressure disturbances in the flow leading to atomization of

the jet. Sadek 9 hypothesized that cavitation bubbles nay infl-e.:=

the jet breakup process.

Rupe1 0 observed that high velocity laminar liquid jets could

be more unstable than fully developed turbulent jets. He be-

lieved that this instability is due to rearrangement in the crcs=-

sectional velocity profile of the fully developed laminar iet

once the constraint of the nozzle wall is removed at the nozzle

exit. He reasoned that this redistribution of energy with:n tne e

jet gives rise to radial velocity components which disrupt the

jet. This rearrangement effect is minimal for jets with flat

exit velocity profiles which explained the greater stabilit " ty at

he observed for turbulent jets.

Another suggested jet breakup agency is the acceleration

a -
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experienced by the fluid in the boundary layer on the nozzle wall

at the nozzle exit caused by the abrupt change in boundary con-

dition on the flow. Shkadov investigated the effect of chances

in interface tangential stresses in a boundary layer stability

analysis and confirmed the existence of unstable short wavelen:th

surface waves.

Finally, liquid supply pressure oscillations have been no-

ted by: Giffen and Muraszew1 2 to have an effect on the outcome of

the jet breakup process. Since these supply pressure os:l.:atrns

are corzronly found in injection systems, it has been suczeste:

that they plav an essential role in the jet breakup process -:-

self.

2. EXPERIMENTAL DETAILS

The experimental apparatus used to study the jet atoizati: 7

phenomenon is shown schematically in Fig. 1. Two spray char'ers

were used. The larger chamber (I.D. 19 cm) was used for teszs

with air and nitrogen and the smaller one (I.D. 3.5 c-) for xeno:n

and helium. The liquid injection system allowed up to 40 c- cf

a test liquid to be injected with nominally constant iniec-:ien

pressures during a given injection.

The system consisted of a piston which served to co7 ress

the test liquid and was in turn driven by high pressure gas fret

a pressure amplifier system. The test liquid was separated frc1 '

the chamber gas by means of a variety of single hole nozzles

mounted in nozzle holders. The nozzle exit diameter d was 0.34 -

to 0.39 mm for all of the nozzles used in the experiments.
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Diagrams of the nozzle passages are shown in Figs. 2a and

2b. The fourteen injection nozzles used fell into two cate-

gories: constant diameter tube nozzles (nozzles I, II, II1, VI,

VII, VIII, IX and X O,N ) shown in Fig. 2a, and convergent nozzles

(nozzles IV, XI, XII, XIII, and XIV) shown in Fig. 2b. The noz-

zle length to diameter ratios ranged from less than 1/2 to 85 and

the design included rounded and sharp edged nozzle inlets. Ncoz-

zles VI, VII, VIII, IX and XO,N correspond to a sharp inlet con-

figuration, with L/d = 4. Nozzles VI, VII and VIII were made

fror lastic and a length of 0.34 mm I.D. stainless steel tubng'.

was clued into a plastic insert for nozzle IX. Nozzles X -n5

XN were made from brass.

Nozzles XI and XII were similar to nozzle IX, however, the

inlet of the stainless steel hypodermic tubing was flared. Fcr

nczzle I%' the nozzle passage was made from thin walled shaped

class tubing. Nozzle XIII was made from plastic and nozzle x':

was made of brass. The nozzle passages for nozzles I (L/d= E=

II (Ld 0 = 49.3) and III (L/d° = 10.1) were made from stai-lesS

steel tubing with sharp edge inlets.

Two methods of event initiation were employed. In the first,

flow of pressurized liquid was prevented prior to a test by

a 0.013 cm thick length of shaped tin fuse ribbon directly cvcr

the nozzle exit hole. In the case of nozzle 11 the fuse rbb~cn

was sandwiched at the tube entrance as shown in Fig. 2a. A hica

energy short duration (',l0 us) electrical discharge pulse was ther

supplied to the fuse in order to melt locally the metal in the

immediate vicinity of the nozzle exit hole. In the second method,
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the piston above the reservoir liquid was restrained by a re-

tractable trigger pin. Removal of the pin caused the piston

to compress the test liquid rapidly, and, after an initial un-

steady phase, a constant injection pressure resulted and mea-

surements were made.

Two optical systems were used in the experiments. In the

first, the transient behavior of the liquid jet at the onset

of injection was recorded by means of a Cordin model 117 high
6

speed framing camera with frame rates up to 1.25 x 10 frames'

sec. The fuse technique of event initiation was used in tnese

tests which allowed sixty frames of film to be obtained for

each experiment. The jet was illuminated by the simultaneous

discharge of two xenon flash tubes and the liquid pressure was

monitored by a fast response pressure transducer. These experl-

ments are referred to as "transient studies."

The second optical system used a strobe flash which allowed

a single short exposure ('I Ls) photograph of the liquid jet tc

be taken about one second after its initial emeraence into the

chamber cas. These are the "steady state" studies. Two tech-

niques were applied simultaneously to the same jet in most cases.

Further details of the experimental apparatus and experi-

mental procedures are given by Reitz
1 3

3. SCOPE AND ACCURACY OF MEASUREMENTS

The operating conditions of the 100 steady state photographz

(S) and the 55 transient studies (T) are summarized in Tables 13

and lb. The experiments were conducted at 67 different sets of

operating conditions, or series, with the number of repeated runs
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indicated in the first two columns of the Tables. The missing

series are reported in Reitz13  The series are organized into

groups of tests with the same injection nozzle.

Injections were performed in nitrogen, helium and xenon,

and atmospheric air. The chamber gas pressures ranged from 15

to 600 psia (1 to 40 atm) and the test environment was at root

temperature. The liauids tested were combinations of water and

clycerol (0, 50, 68, 80 and 100% glycerol wt.) and their use

permitted a thousand-fold range in liquid viscosity .L to be

realized with relatively insignificant changes (<20%) in the 1:-

cud. Aensit" and liquid surface tension c. The liquid ;re--

sure PL ranzed from about 500 to 2100 psia (33 to 140 atrm) (a

fixed value for a given series) and the entries of a group in

Tables I are made in order of increasing injection pressure

LP = P. - P , for fixed cas density level. A high molecular

weich: polymer (Dow Separan AP 30; MW 't 106) mixed with water a:

concentrations of 100 ppm was used as the spray liquid in Series

ib, 12c and 66d, and carbonated water (saturated at I atmospnere

was used in Series 66c.

The angles of divergence of the steady and the transient

jets :s and eT, i.e. the spray angles, were measured fro7 tnc

photographs. The distance from the nozzle to the point where the

divergence was observed to begin, i.e., the intact lengths

x isand XIT' were also measured. These quantities can be scen

in the photographs of the jet in Fig. 3, which shows some of; thc

transient frames and the steady state photograph of series 47,

for example. The nozzle exit is at the to3 of each photoaraph

I
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and time increases from left to right in the figure. Measure-

ments of the distance from the nozzle exit to the tip of the

jet allowed the jet tip velocity UT to be estimated for each

run. The quantities are shown in the tables for each series.

A more detailed discussion of the transient studies has already

14
been given by Reitz and Bracco

The injection velocity U Vol, defined by U = V/AN , was

determined knowing the volume of the injected liquid, the area

of the nozzle and by measuring the time taken to inject the fixed

mass, -, in which case the orifice discharge coefficient is given

bv CD = Vol/Uideal. The jet diameter measured at the nozzle

ex:/t is also presented in the tables. Other entries in Table

are dimensionless ratios formed using the liquid and gas proper-

ties, the nozzle diameter, and the injection velocity U0 = Uv c.
U d

These include the Reynolds number Re L L , the Weber nu--
2 d LU2 d 2

bers We We o 0 and the number for
L g L

each test condition.

Care was devoted to perfecting the fuse ribbon technique

for event initiation. It was found to work extremely well when

used with nozzles with metal nozzle passages. The photoara h

shown in Fig. 3 is typical of the condition of the nozzle exit

hole after a test and shows that the nozzle exit area is un-

obstructed by the rest of the fuse material which remained on

the exit face during the injection.

Experiments made with nozzles which had plastic nozzle

passages, nozzles VI, VII, VIII and XIII, were found to be non-

repeatable and their results are not given in Table I and were
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not used in deriving conclusions in the study. Experiments con-

ducted with metal nozzle passages, nozzles 1, 11, 1II, IX, X,

XI, XII and XIV, and the glass nozzle IV were found to give con-

sistent results (divergence angles agree within 20). In these

tests dimensions taken from the photographs have an estimated

accuracy of 10% d0 for jet diameters, 10 for jet divergence

angles, 50% d for jet intact lengths, 10% for jet tip velocities.

Nozzle passage dimensions were measured to an estinated

accuracy- of 3% d and nozzle passage internal surface roughness

dimensions were visibly much less than this accurac%, lin-t. B:S.

licuid and gas pressures remained constant within 5% durin= a

civen test. 99% pure bottled gases were used as the chamber -asE-

and the tao water and glycerol mixtures used were made with =r -

portions estimated to be accurate to I%.

4. EXPERIM:ENTAL RESULTS

The measured jet divergence, or spray angle, was found to

increase as the chamber gas was isothermally compressed, all

other paraneters being the same. This trend can be seen by re-

ferring to the photographs of Fiqs. 4a, b, c and d which show

that jet atomJ zation can be achieved by increasing both the oro-

sure and the density of the chamber gas at constant tenperat-rc.

The observed increase in the spray angle with comrressio-

of the gas is consistent with the findings of other authors

Quantitative results which also demonstrate this trend are c2%*cn

in Fig. 5. This figure shows measured jet divergence anales co:--

respondinq to tests with nozzles I, 2I, 11, IX, XII and XIV an3

the series numbers are included for reference to Tables la ano t.
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An average value of the jet divergence angle is used for repeated

steady state tests at the same operating conditions. A close

agreement between the spray angles measured from the transient

and steady state jet breakup results, in the same series, is also

apparent. This result implies quasi-steadiness of the spray

14
angle . The open data points correspond to jets whose divergence

is observed to begin at the nozzle exit and are thus classified

as belonging to the atomization regime. The solid data points

reoresent those runs whose jet divergence was found to begin sone

distance from the nozzle exit. These jets apparently belong to

15an aerodynamically induced regime of breakup It is seen that,

for a given nozzle, atomization occurs once the chamber gas is

co-pressed bey'ond a certain level and that there is no evidence

cf an abrupt change in the spray angle between the aerodynamic

and the atomization breakup regimes.

The results of Fig. 5 are presented for a range of injecticr.

pressures for each nozzle. However, the data show that rela-

tively large variations in the injection pressure (%30=) have

lttle perceptible effect on the observed spray angle as the char.-

ber gas is compressed.

The use of chamber gases of different molecular weiats a!-

lowed the gas density and the gas pressure to be varied indepen-

dently, with relatively minor changes in the physical properties

of the gas. Thus, for example, an examination of the photogra-hs

of Figs. 6a and b (Series 37 and 39 ) reveals little differencet
0 0

in the appearance of the two jets in spite of the factor of 10

difference in chamber gas pressure between the two tests whereas



the gas densities are approximately the same. The jets of Figs.

6c and d (Series 41 N and 44N ) each have approximately the same

gas pressure but the gas density now differs by a factor of about

C four. The increased gas density is seen to produce a marked in-

crease in the jet divergence and evidence of atomized liquid par-

ticles in the flow. Similarly, the results of Series 3E, 37

and 39-45 shown in Table lb show that the chamber gas density has

a predominant effect on the jet divergence angle, and that in-

creases in jet divergence angle obtained by isothermally compress-

ing the chamber cas are due to effects related to the increase in

the aas density and not to those related to the increase in the

gas pressure.

The four photographs shown in Fig. 7 demonstrate the effect

of changes in liquid viscosity and, apart from the different li-

quids used, are each made at the same operating conditions. Large

variations in liquid viscosity influence the jet breakup process,

and a high value of the liquid viscosity results in an intact jet

(Fig. 7d, Series 34). It may be observed that the jet diver-

gence angles for the jets of Fig. 7a, b and c (Series 30, 31 and

32 respectively) are similar in spite of the corresponding facier

of about 18 increase in the liquid viscosity for these 3ets. F,--

ever, while the jet divergence appears to commence at the noz:ze

exit for the jets of Fig. 7a and b, the jet divergence of Fai. 7c

begins some 2.5 nozzle exit diameters downstream of the noz:le:

exit and the jet exit diameter is measured to be only 0.85 cf tho

nozzle exit diameter.

4k!
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A summary of the effect of liquid viscosity on the jet di-

vergence angle is shown in Fig. 8 where the measured jet diver-

gence angle is plotted against a normalized liquid viscosity

ratio u L/1H2. The open data points correspond to jets in the

atomization regime, while the solid data points represent jets

in an aerodynamic regime of breakup. The results of Series 52-

54 also shown in the figure confirm that intact, non-diverging

jets are obtained once the liquid viscosity is increased beyond a

certain level. However, injections from nozzle I, Series 2 and

Series 3, show no significant change in the jet divergence ancle

with increased liquid viscosity for the range tested.

The results of Fig. 8, for a given nozzle, also indicate that

jet atomization occurs when the liquid viscosity is reduced below

a certain level and there is no evidence of an abrupt change an

jet divergence angle accompanying the transition fror. the aero-

dynamic to the atomization breakup regimes.

The photographs shown in Fig. 9 demonstrate the effect of

different nozzle designs under the same operating conditions.

The jet shown in Fig. 9a (Series 2) was injected from nozzle

I (L/do = 85) and diverges minimally compared with that of Fic.

9d (Series 66) nozzle XIV (L/d0 = 0.5). If the details of the

flow field within the nozzle were not important to the -e: brea"-

up process, no difference should be detected in jets from nozzlec

with the same exit diameter operating under the same conditions,

and differing only in their internal design. But this was fornd

not to be the case. For example, in Fig. 9 the divergence ancle K
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is seen to decrease markedly as L/do increases. The same trend

is shown more quantitatively in Fig. 8 for any fixed viscosity

ratio and in Fig. 5 for any fixed gas density. Moreover, in

Fig. 5, it can also be seen that nozzle XII, with L/d0 = 2.1

and rounded inlet gives about the same divergence angle as noz-

zle III with L/dO = 10.1 and sharp inlet. Obviously, rounding

the inlet of short nozzles has a stabilizing effect similar to

that of lengthening the nozzle. Figures 5 and 8 also show that

the transition from the aerodynamic to the atomization regimes

occurs at different gas densities and viscosity ratios for dif-

ferent nozzle designs. Parenthetically the same figures alsc

show that there is no detectable consistent trend linking changes

in the divercence angle to up to 3U% changes in injection veloci:t:.

5. EVALUATION OF PROPOSED JET ATOMIZATION MECHANISMS

The photograph shown in Fig. 9a indicates that the fully

developed turbulent jet injected from nozzle I (ReL 2.8 x 10 4

Hinze 6)has a marked degree of stability, in contrast to the ex-

pected behavior, if pipe turbulence were to control the breaku-

process as suggested by Schweitzer 5 . Moreover, the experim-ental

results presented in Fig. 5 indicate that the jet diveroence in-

creases with reduced pipe turbulence levels obtained by decreas-

ing the nozzle length at otherwise the same operating conditaonrs

(nozzles 1, 11, and I1). Accordingly, these experimental re-

sults, obtained for a particular, well-defined class of turbulent

flows imply that liquid pipe turbulence alone cannot be the mezh-

anism of jet atomization. However, no other forms of liquid

& 'l
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turbulence were investigated.

The experimental results show that jet atomization can be

achieved with constant liquid injection pressures. This implies

that liquid supply pressure oscillations are not the sole agency

responsible for the atomization of the jet.

The observed stability of the detached jets (Series 33,

36N, 37N, 40N) and of the fully developed turbulent jets of noz-

zles I and II (Series 1-9) is consistent with the experimental

results of Rupe . However, the cross-sectional velocity pro-

file rearrangement jet atomization mechanism is contradicted by

the results of Series 34 (Fig. 7d). Here the jet Reynolds nun-

ber is 5.5 and the jet exit velocity profile is parabolic for
17

those conditions , and yet there is no evidence of jet brea.::

as would be predicted by the profile rearrangement mechanist..

Also intact is the jet of Series 54, whose cross-sectional velc-

city profile is expected to be close to parabolic since its

characteristic momentum diffusion time (d0
2/23.0 ,'L = 0.5 -s)

within the nozzle [Batchelor 1 8] is much less than the residence

time (L/U0 = 12 us). These results cast doubt on the hypothesis

that the rearrangement of the jet's cross-sectional velocity pro-

file is the onlay mechanism of jet atomization.

The instability analysis of Shkadov shows that boundarY

layer velocity profile relaxation phenomena at the nozzle exn*t

can generate surface waves of growing amplitude, and that their

growth rate increases as the velocity gradient below the liquid

surface increases. However, for incompressible fluids, the tan-

gential stress at a gas-liquid interface is independent of the
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isgas density [Batchelor8]. Therefore, if this were the mechanisr.

of atomization, the results of injections with the same jet exit

velocity profile would be independent of the gas density, con-

trary to the observed trends. This may be seen by comparing the

two jets of Fig. 6c and d, for example, which are expected to have

the same velocity profile at the nozzle exit since they are pro-

duced using the same nozzle, the same liquid, the same injection

and gas pressures, neither are detached, both have Mach numbers

(based on the gas sound speed) less than 0.5 and they differ on!-".

in the gas densities. Consequently, the boundary layer profile

relaxation phenomena cannot alone account for the observed be-

havior.

The same conclusion is also supported by the more qualita-

tive observation that no change was detected in the appearance

cf the jets of Series lb, 12c and 66d where high molecular we::t.

polymers were added to the test liquid. The addition of su:h

polymers would be expected to influence the boundary layer on

the nozzle walls and hence the atomization process if such

boundary layers were the only controlling mechanism. However,

no quantitative analysis of this effect was performed.

Absence of cavitation can be assumed when complete detach-

ment of the emerging jet from the tube wall (hydraulic flip) is

observed. The stability noticed for the detached jets of Seriez

33, 36N, 37N and 40N is consistent with the results obtained I-

Bergwerk 8 and other authors. This result indicates that cav'ta-

tion-free jets are stable. Liquid cavitation can occur within a
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given nozzle when a critical value of the cavitation number,

Kcrit, is reached. For K = (P L-Pg)/(Pg- Pv )  Kcrit the flow re-

mains cavitation free. (Pv is the vapor pressure).

Bergwerk8 presented Kcrit data as a function of nozzle L/d.

and these numbers have been used to typify critical cavitation

numbers for nozzles I1, IX and XIV of the present study. In

Fig. 5 it is noticed that the criteria of Bergwerk8 predict that

cavitation occurs in all cases within those nozzles, i.e., Y

is always greater than Kcrit for each of nozzles XIV, IX and 2.

Since some of the jets of Fig. 5 do not belong to the atomnization

regime (solid data points), one can conclude that the presence

cf cavitation in itself does not guarantee atomization of the jet.

However, since cavitation is also predicted for the jets which

belonc to the atomization regime, cavitation could be the acent

of atomization above a certain threshold.

Parenthetically, it has been suggested that the cas conten:

of the test liquid influences liquid cavitation phenomena. How-

ever, when liquids with undissolved gases are pressurized above

about 1000 psia (65 atm), the gases are driven into solution an-

cavitation phenomena are insensitive to dissolved gases IKnaoo 19

In this work, the liquid pressure was above 1500 psia (100 atr'

for the experiments whose results were used to derive conclusion-.

Accordingly, the results are not expected to be influenced by the

gas content of the liquids tested. This is also supported by the

fact that no differences were detected in the four jets of Series

66 where jet 66c was from injection of carbonated water, saturated
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at 1 atm pressure.

Ranz 2 argued that the jet divergence angle could be estimated

from the aerodynamic wave growth theory of Taylor 2 0 by using the

computed maximum wave growth rate and the corresponding wave-

length from a dispersion relationship, to characterize the drop

formation process. According to this model, the divergence of

the jet is given by

Taa 1//2 f L ReL 2

Tan 12 4- (j) f( ()
A Pg W L

where - is the jet divergence or spray angle. In this equation,

the constant of proportionality 1/A must be obtained from exper.-

nental data.

The group (A/4-)Tan e/2 (,L/; )"2 is shown plotted against

(:L/ g)(ReL/WeL)2 in Fig. 10. It can be seen that Eq.(1) predlct5-

that the jet divergence angle increases with increasing gas den-

sity and decreases with increased liquid viscosity for the range

cf operating conditions of this work. This is consistent with

the experimental trends shown in Figs. 5 and 8 for tests with

given nozzle.

Moreover, for our water injections, (,L /4g) (ReL /We L) is

always larger than 1 (see Table I) and therefore the divergence

angle is predicted to be insensitive to variations in the inge--

tion velocity (see Fig. 10) which also is in agreement with the

experimental trends. However, a quantitative comparison of tho

theoretical prediction of Eq. (1) with the experimental results

can only be made if a numerical value is assigned to the constant A.
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made if a numerical value is assigned to the constant A.

rig. 11 shows the spray angle versus gas density data for

nozzles XIV, IX, III, I and I and the prediction using Eq. (1)

after having determined the constant A by a least square fit of

the data for each nozzle. The comparison is made for density

-3ratios up to 30 x 10; the inclusion of the four high gas den-

sity data points (67, 35, 55 and 9, see Fig. 5) led to slightly

different values of A and quantitative agreement with the exper.-

mental results was not as good as that shown in Fig. 11. More

detailed measurements and discussion of the high gas density re-

gion are given by Su2 3

The values of A are given in Table II and are seen to range

fron 3.1 (nozzle XIV) to 28 (nozzle I). This range includes the
2

values of Ranz (A = 3 - 20) but the value of the constant is re-

cuired to decrease as the nozzle length is decreased (at constan.:

tube diameter) for the sharp-edged inlet nozzles I-Ill, IX and

XIV. Notice, however, that the flows from nozzles III (LId = .,

II (L/d° = 49.3), and I (L/d° = 85) range from transition flowS

to fully developed turbulent flows, at the Reynolds nur.bers uses

in the experiments1 6 and the aerodynamic surface wave crowth

theory makes the assumption of laminar flows.

The experimental results of Fig. 8 are shown in Fic. 12 tv-

gether with the predicted spray angle versus liquid viscosity

dependence of Eq. (1). Here the comparison is shown for tests

with a particular nozzle using the constant A of Table I. In

this case, quantitative agreement with the experimental results
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is not as good as in Fig. 11, but the predicted trend is correct.

However, a significant departure is noticed in the case of Series

33 (nozzle IX) in which the emerging jet was detached from the

nozzle walls.

This analysis indicates that the theoretical prediction of

Eq. (1) could explain the experimental results within the tested

ranges provided that the constant A is allowed to assume a dif-

ferent value for each different nozzle geometry. However, the

aerodynamic interaction theory alone and as represented by Ec.

(2), would not predict the observed influence of nozzle geometry

in both atomization and aerodynamic breakup regimes since it in-

cludes only the nozzle diameter and that is insufficient to char-

acterize completely the nozzle geometry. Thus, the aerodynanic

interaction mechanism alone (as represented by Eq. (1)) is als

insufficient to explain the observed trends.

6. POSSIBLE JET ATOMIZATION MECHANISMS

The aerodynamic surface wave growth mechanism can explain

the experimentally observed trends of gas density and liquid

viscosity variations on the spray anale, and the insensitivity

of the spray angle to relatively large variations in the ie:

velocity in the atomization regime, if an additional mcchanis7

is invoked to account for the effects of nozzle oeometry. Xzre-

over, the results of Figs. 11 and 12 show that the aerodynanic

surface wave growth theory requires that such additional effec:s

also be invoked to explain the results for jets in the aerodyna-

mic breakup regime (jets with intact lengths) as well.
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Ranz 2 reasoned that the constant 1/A in Eq. (1) has the

physical significance of an initial disturbance level and also

that it could be interpreted as a measure of the trajectory of

the motion of the surface upon which droplets are originally

formed. Schweitzer proposed that liquid turbulence gives rise

to initial disturbances and if this were the cause of the varia-

tion in the constant A, it would be expected that I/A would in-

crease with nozzle passage length and then level out once

the fully developed turbulent state is reached. This behavior

was not found, as was shown in Table II. In fact, it is of in-

terest: to notice that the aerodynamic theory of r:. (1) could

redict the increased stability of turbulent jets if the laninar

vsc:osity 'L is replaced by a turbulent diffusion or eddy vis-

ccsit.- which is known to be much greater than the molecular one.

An additional source of disturbances could be cavitaticn

=henomena which are of different intensity for different nozzle

geometries and this could be the agency which complements aero-

d''naiz.' effects. In this connection, it may be sionificant that

the r.anitude of the constant A in the aerod'namic theory cor-

relates with the value of Y for those nozzles whose Ktcrit ci

values could be estimrated from the data of Bergwerk . (See Table

I). In addition, the relatively large values of A (implyini
I.

relatively low initial disturbance levels) for the rounded inlet

streamlined nozzles XI and XII are consistent with this trend

since in these nozzles the occurrence of liquid cavitation should

(ideally) be forestalled and therefore Kit could be expected
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to be high.

It is also possible that wall region boundary layer velocity

gradient effects could supplement the aerodynamic jet breakup

mechanism. The constant A in this case would be related to the

adjustment of the flow at the nozzle exit. The fact that the

wall region velocity gradient is likely to be steeper for the

rounded inlet nozzle XI than for the turbulent flows of nozzlec

21I and I 1 , and the rounded inlet nozzles produced jets with

lower values of A (more unstable) is consistent with the ex-

pected trend from the analysis of Shkadov
.11

Indeed, ultimately it could be concluded that both cavita-

tion and wall region boundary layer velocity profile rearrance-

ment effect contribute to the breakup process. The experiment-a

of Schweitzer 2 2 , made with injection pressures up to 8,000 ps-a

(530 atr.) show that the spray angle increases with increasing

injection velocity while the aerodynamic theory predicts that it

decreases. This was not explored in the present study since thE

tests analyzed were performed in a relatively small range cf :n-

jection velocities. It could be that the additional agency re-

quired by the aerodynamic theory to explain the results of the

present study is also influenced by changes in the injecticn 'e. -

city. In particular, wall region velocity gradients cculd be

expected to steepen with increases in the injectior velocit\ an-

this effect would account for the trend reported by Schweitzc"..

The experimental results showed that detached, cavitat:on-

free jets were stable (do not break up within the v'siLle f2el !
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of view), but that the presence of a cavitation zone within a

nozzle does not by itself guarantee jet atomization. However,

since liquid cavitation zones are expected to be present also

in all those cases in which jet atomization was found to occur

(see Fig. 5), it is remotely possible that cavitation phenomena

alone could still control the breakup under certain conditicns.

First it is noticed that cavitation effects alone could

not control the breakup of jets that exhibit an unbroken len:ht..

This is because the experimental results show that the jet break-

up is influenced by effects related to gas density and not tz=a-

pressure, for a given liquid, liquid pressure and nozzle. Z=

cavitation were the only controlling mechanism, one would exzezt

the jet breakup to be influenced by changes in X, which varies

as p chanced. Moreover there seems to be no means by whic%

cavitation phenomena within the nozzle can be influenced by changes

in the chamber gas density either, since the emerging jet re-

mains intact in the vicinity of the nozzle exit.

Then, for liquid cavitation phenomena to be the only acen-v

responsible for the breakup of jets in the atomization reC:.7,

one would have to postulate a discontinuity in the breakur rezh-

anisem between the two regimes. But, there is no evidence c suh

a discontinuity, (see Fig. 5). Furthermore, for cavitation tc bc

the only mechanism of atomization, as observed in these experi-

ments, other assumptions will have to be made. These includc

that cavitation effects produce a two-phase flow within the noz::e,

and that the interaction between the closely packed drops and tho
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chamber gas is ultimately proved to be such as to explain the

observed dependence of the jet divergence angle on the chamber

13
gas density, liquid viscosity and the jet velocity1 . Since

the simultaneous validity of these assumptions cannot be dis-

proved at this time it remains possible that liquid cavitation

is the only agency controlling jet atomization.

The conclusions of this study, in general, and those about

the mechanism of atomization, in particular, were obtained b:

varying the liquid pressure and viscosity, the gas pressure and

density, and the nozzle geometry within specified ranges. O._t-

side of these ranges, additional breakup mechanisms are known

to exist. !:reover, the nozzle exit diameter, the liquid den-

sitv and surface tension, and the gas and liquid temperatures were

not varied s.gnificantly. Their variation may necessitate con-

sideration of other effects in the atomization mechanism. In-

deed, had the nozzle geometry not been varied in the present

stud-.-, one could have concluded that the aerodynamic surface wave

arowth mechanism, alone, was fully able tc explain the experimental

results.
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TABLE AND FIGURE CAPTIONS

Table

la Experimental Data - Series I to 35.

Ib Experimental Data - Series 36 to 67.

II Nozzles and values of the constants, A

and Kcrit"

Figure

1 Schematic diagram of experimental apparatus

2 Nozzle passage design details a) constant

diameter tube nozzles, b) converging nozzles

(dimensions in mm)

Photographs showing initial emergence and break,:

details for Series 47 with event synchronization

oscilloscope trace and photograph showing nozzle

exit hole condition after the test

4 Photographs showing effect of chamber gas com-

pression on steady state jet breakup. Liquid-

water, gas-nitrooen, LP = 1900 psia nozzle X11

(L/do = 2.1 Rounded inlet)

5 Graph showing effect of chamber gas compression

on spray angle and jet intact length for nozzles

XIV, IX, III, XII, 1I and I. Liquid-water, as-

nitrogen, M ntact before diverging, Ddiveroenze

at nozzle exit, n marginal - 0 steady state dt3t,

" transient data

6 Photographs showing effect of oas composition on
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steady state jet breakup. Liquid-water, Lp

1600 psia, nozzle X0 (L/d0 = 4.0).

7 Photographs showing effect of liquid viscosity on

steady state jet breakup. Nozzle IX (L/do W 4.0),

gas-nitrogen at 300 psia, Ap = 1800 psia.

8 Graph showing effect of liquid viscosity on spray

angle and jet intact length for nozzles IX, Xi

and I. Liquid-water/glycerol, gas-nitrogen at

300 psia,C' divergence at nozzle exit, M intact

before diverging, 1 marginal.

9 Photographs showing effect of nozzle passage

length on steady state jet breakup. Liquid-water,

gas-nitrogen at 300 psia. Ap z 1900 psia.

10 Theoretical dependence of the spray angle on the

2
operating conditions from Ranz using the

aerodynamic surface wave instability analysis of

Taylor 
23

11 Comparison of the measured spray angle-gas density

dependence with the theoretical prediction of the

aerodynamic surface wave mechanism - Equation (2'.

12 Comparison with the measured spray angle - liquid

viscosity dependence with the theoretical predic-

tion of the aerodynamic surface wave mechanism -

Equation (1).

I,i
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Nozzle L/d0  A Kcrit

I 85.0 28

II 49.3 13.4

Iii 10.1 8.0 2.8

IV 7* 41 

VI 4.4 1.9

VII 4.3 (3.5) 1.9

ViII 4.3 (4.5) 1.9

IX 4.0 3.9 1.9

XN 4.0 3.5 1.9

X0  4.0 3.2 1.9

X1 4.3 RI 8.5

XII 2.1 RI 6.4

XIII 0.5 (4.1) 1.0

XIv 0.5 3.1 1.0

(-) Uncertain Values

Contoured Nozzle

TABLE II
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820038

On the Scaling of Transient
Laminar, Turbulent, and

Spray Jets

T.-W. Kuo and F. V. Bracco
Dept. of Mechanical and Aerospace Engrg.

Princeton Univ.
Princeton, NJ

IN THE FIELDS OF STRATIFIED CHARGE AND differences in the transients of laminar
DIESEL ENGINES, TRANSIENT COMBUSTION- and turbulent incompressible gas Jets
CHAMBER SPRAYS HAVE OFTEN BEEN THOUGHT and non-vaporizing and vaporizing
OF AS GASEOUS JETS in part to simplify sprays.
the problem, but also because of the Superficially, there are striking
belief either that vaporization occurs parallels among the transients of the
very rapidly or that the two types of three jets and equally noticeable dif-
jet behave similarly. The question of ferences. For example, in Fig. 1, the
the vaporization time is addressed by us transients are given of a turbulent and
in a parallel paper (I)*. In this a spray jet. Both exhibit a head vor-
manuscript we consider similarities and tex, a stem and seem to scale up in time

in similar fashions. But in Fig. 2,
the angle of steady sprays is shown to

*Numbers in parentheses designate be a very strong function of the nozzle
References at end of paper. geometry and the ratio between the gas

ABSTRACT

Through numerical solutions of equation is obtained for the penetration
appropriate two-dimensional unsteady con- rate of the tip of sprays that compares
servation equations, it is found that favorably with measured ones. Also,
transient laminar incompressible jets, scaling laws are reported that are
turbulent incompressible jets and non- obeyed by each of the three families of
vaporizing and vaporizing sprays reach jets. Since the laws are somewhat dif-
steady state around the back of their ferent, no precise similarity exists
head vortices. Thus, for many applica- among the three types of jet. However,
tions, the stems of such transient jets one type of jet can still be approxima-
can be considered in steady state and tely simulated by another but only with
steady state information can be applied respect to certain parameters and within
to large fractions of transient jets. definite time and space ranges, given
Equations are given for the penetration the acceptable error.
rate of such jets. In particular, an

0148-71S182122.00Ug02SO
Cwyright 192 Society of Automotive Engin, Ir.
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03 1I ) 3 4 & 4 7 B • 10 II 21 31 I

Turbulent Jet(2), ReD=4-O 4 , water in water

%U

I
Is
16

10

4

Atomizing Spray(3), 50% glycerol+50% water into N2

Fig. 1 - Transient development of a turbulent
incompressible let and a spray

and the liquid densities, whereas the The investigation was made difficult
angle of incompressible turbulent jets by the current limited knowledge of the
is very nearly a constant, thus the structure of unsteady, or even steady,
extent of and the reasons for the simi- thick sprays. Also the transient of
larities need clarification, turbulent incompressible jets has

The problem was approached through received very little attention (4,5)
a large number of computations of the even though their steady state has been
transient and steady state of laminar, thoroughly studied. And finally only
turbulent and spray jets. In each case one publication was found even on the
comparisons were made with experimental transient of incompressible laminar Jets
data whenever available. For each type (6). Nevertheless some progress was
of jet we attempted to determine the made in determining the scaling parame-
transient and steady state scaling para- ter& and steadying laws for the three
meters and steadying laws and then, by jets and some similarities and differen-
comparing them, to establish under what oes are now more clearly established.
conditions and to what extent the three The computations were made with

pyos of jet behave similarly. different models for the three types ofC
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I MOEZLIIM* (3)

47 where U is the coflow velocity.

S. Ths initial conditions were zero

,. NJ GA_ velocity everywhere except at the inlet
plane. The boundary conditions were:

0 ir 4.3. - at X a 0, -
au = 1 Mr(v) (L)

a s.0 2C atr R, - - -

, 10 20 so 40 0 Go.C1
3  The above conditions are for an axisym-

metric field and a finite domain of
P9 P1  integration. Theoretically, the

velocity goes to zero only as r tends to
Fig. 2 - Single phase turbulent jet angle infinity. Our usual practice has been

(dashed line) and spray angle (3) for to choose R approximately equal to 3.5
different gas-liquid density ratios times the maximum half-jet half-width,
and nozzle geoemtries (water into N2 ) Y / , at the jet outlet plane. At the

i ]Jctor, two jet velocity profiles were
studied and at the exit plane the axial

jet and are reported in three separate velocity was obtained by integral mass
jectian. aren ietd sbalance and the radial velocity by
sections. Then in two sections, corn-
parisons are made of the three jets and setting its axial gradient equal to
examples of possible applications are zero.
given. In these sections the practical Solutions were obtained with a
scope of the results becomes apparent. modified version of the computer code

They were written so they could be read TEACH, developed at the Imperial College
first. The details of the computations (8). This code, originally for steady

can be found in Reference 7 of which two dimensional (planar and

this paper is a partial and brief sum- axisymmetric) flows, was modified to

mary. compute unsteady flows as well.
The grid system viewed in the r-x

TRANSIENT INCOMPRESSIBLE LAMINAR JETS plane is rectangular and with arbitrary
spacing, as shown by the solid lines of

THE MODEL - The governing equations Fig. 3. The dotted lines show a typical

of the model are: cluster of u, v and scalar cells or
control volumes. Each cell surrounds
the location at which a variable is eva-
luated. Note that the variables are
stored at different locations of theIulIx * h/r I(rv)I~r - 0 (1)

x _1

Wi/t # P (u+.T _ # 0V r a" We" ___

FX- Tx "' rX F _______(2)

Iv IV

* P(tU e* j- 4 1 - Fig. 3 - Computational mesh for incompressible

Jet studies
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grid. The pressure and other scalars
are evaluated at nodes, and velocities
on thesides. With this staggered grid,
u, v, p are easy to evaluate, and velo-
cities are computed where they areneeded for the calculation of oonvec-

vective flows (8). %0
A grid expansion technique was 0.5

employed. Away from the nozzle exit,
the size of the cells increase. In - 12 cm/sec 0 - 1.2 cm, * 0.144 c2 /sc
the axial direction, a cell expansion - . 2 * /,,c. D. 12 m, v, 1. a 2 /1e
factor of 5% was used starting from the 2

nozzle exit (1=2). In the radial direc- 0 1.2 ,,/see. .1 , - 0.14 ciT,,c

tion r is uniform within the pipe. Ex prieft,. Abraovich Sol 6 S 0 Re, 500

Outside of the pipe, it expands by a o Q'5 1 15
factor of 7%. A total of 32 cells in x
the radial direction and 42 cells in '
axial one were employed. The reason for
the expanding grid was to keep the Fig. 4- Incompressible laminar jets. Computed

number of nodes to a minimum, while and measured steady-state centerline

guaranteeing that large velocity gra- velocity with fixed Reynolds number
dient in the free mixing region are pro- (ReD - 100) using Abramovic and Solan
perly resolved. Similarly the value of length scale (6)
the time increment increased during the
computations so as to keep the addi-
tional jet penetration during each time
step approximately constant as the jet
slows down.

For each flow configuration, a
grid-independent solution can be sought
by increasing the number of grid points 8
until no further changes are observed - - 12 ei/sec. 0 - 1.2 am. , 0.144 ci,,c

in the final solution. This criterion X- V. 12 cm/sec. D . 12 m. 1.44 er ec'

was used in the present computations. - - 2.2 cm/sec. - 12 ciT. '1 0.144 c 2 
sec

SCALING - The computed results for - and Solon 6

for the steady-state centerline velocity 80 ROD, 500

decay and transient jet tip penetration
history were compared with those ,"
measured by Abramovich and Solan (6) in ,"
the Reynolds number range of 80 to 500. .0,
Results obtained starting from a parabo- ,
lic exit velocity profile and with three Z , ,"N
different values of U, D, v£, but the V
same ReD = 100 are shown in Figs. 4 and '0/ '44
5. The dimensionless coordinates are '
those suggested y Abramovich and Solan,
i.e. x0 = x/DReD , t* = 2tvi ReDh/D2. And
t is defined as by Abramovich and Solan:
It is the time needed for the centerline
axial velocity u to reach 70% of its
steady state value at any given
downstream axial location.

In Figs. 4 and 5, it is observed
that the computed solutions for a con-
stant ReD = 100 and different values of 0 02 04 6 O's W 2

0, D, v, are identical, and that the
calculated results fit inside the
experimental range. But computed steady
and transient solutions for different Fig. 5 - Incompressible laminar jets. Computed
ReD : 70, 100, 500, do not coincide, and measured transient jet tip
when the non-dimensional parameters of penetration with fixed Reynolds number
Abramovich and Solan are used, and con- (ReD 0 100) using Abramovic and Solan
tinue to show a systematic Reynolds length and time scales (6)
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numbe- dependence as evidence in Figs. 6
and 7. Notice, however, that the com- -%.7o
puted curves for 70 < ROD < 500 X- rh 100

envelope the experimental measurements #- 5 00

of Abramovich and Solan that were for 80 . 0 Ab.= ,ch ,fd so,. ( 6 ,.
< ReD < 500. Thus we would like to sug- So _% _ o
jest that what they considered experi- ,,
mental scattering may not be due wholly 2 ,,'
to experimental errors but also to 4/

improper account of the Reynolds number I 4e

effect in their scaling parameters. /

Indeed a dimensional analysis of a ,"
of a simplified version of Equations ,,',.

(l)-4),obtained by making the boundary
layer approximation (7), suggested that2•
the proper time and length scales for
this problem are D2/vkand
DRe D respectiv ly instead of D2/(2v-
ReDt) and DReDT as proposed by -
Abramovich and Solan. This conclusion
was confirmed by numerical solutions of 0 02 04 06 o 1e 12 K
the complete equations. For example, x
the results of Figs. 6 and 7 coalesce
when plotted using the new scales as
shown in Figures 8 and 9. Unfortunately Fig. 7 - Incompressible laminar jets. Computed
the experimental data of Abramovich and and measured transient jet tip
Solan cannot be reported in the same penetration with different Reynolds
figure because they did not identify the numbers using Abramovic and Solan
Reynolds numbers corresponding to each length and time scales (6)

\x

+
U 

+

* - ReD a 70

x- Re)a100

+ - Re D " 5 0 0

Experiment, Abraniovich and Solan ( 6 ), 0< ReD< 500

00. 1.0 I.5 20
X

Fig. 6 - Incompressible laminar jets. Computed
and measured steady-state centerline
velocity with different Reynolds numbers
using Abramovic and Solan length scale
(6)



of their experimental data. However, In 70%uL,stasly
Fig. 8, measured and computed steady t* - 2.20 (x* - 0.455 t) x& < 0.04
centerline velocity decay data of du
Pless et al (9), Andrade et al (10), Pai to a 7.Sxe1 . 2 (xe , 0.235t 0 7 )
et al (11) and Hatta et al (12) are 0. 0 c < 0.2
reported in terms of the new length 0 .0 4 .x5
scale and seem to fall on a universal t* - 13.2X* W a 0.229t 0 57)
curve for each of the two Initial x* > 0.2
velocity profiles. (5)

For a given initial velocity pro- 99% "CL,s
file, the universal curve of Fig. 9 1 .61 0..2
changes if a percent other than 70 is t* - l6.2X l (x W 0.177t* 0 62)
selected to define achievement of X*> 0.1
steady state, but the characteristic
time and length scales remain the 99t steady iamintum
same. This is illustrated in Figs. 0, - 32 1.61 W .O16t,0.62
10 and 11 for the case of uniform and
parabolic exit velocities where the xt > 0.075
70% curve is shown together with the
99.9% uCL,steady and 99.9% steady Also it is found that use of the
momentum curves. The latter is ob- 70% uCL steady and the 20% steady momen-
tained by imposing that the axial tum de initions give similar axial loca-
momentum reaches 99.9% of its steady tions, and that the 99.9%. UCL steady
value, and the 85% steady momentum conditions

The curvesof Figure 10, for the also occur slmultaneously. Later we
uniform exit velocity case, are will find that the same quantities are
fitted by the following equations: related in the same way also for

-x- Calculation, uniform exit velocity profile for

Re D.100 , 200, 500I + Calculation, Pai at al (11)1
•L , + Calculation, Hatt& et al (12)

00

0 Ism.%x

0 X

-a- Calculation, parabolicextvlctprfefo -_X
0Re w 70, 100, for. *A..L

o fxFerim~nt, duPless at al (9),Re -168
on r d it , ., ~ = 9 0
+rdrd alc (10)#,R 400

lot., ,l~ R*e 600

Ie I I I

0 0.05 0.10 05 0.20 0.23
x
o0

Fig. 8 Incompressible laminar jets. Computed

and measured steady-state centerline
velocity using the new length scales

V



7

am2 F
a Parabolic exit velocity profile with I- -

". -70, 100, S00
X Uniform exit velocity profile with

~D1 0 0 
200 500-~---I---i----- 5% STEADY MOMENTUM-

'-.%STA MMNU.

W1 
__K__

I

J 220% SIrWMOMENTUM

0.05- / O 01 0.2 0.3 0.4 0.5 0.6 0.7 0.8

Fig. 10 -Incompressible laminar jet (uniform

_ _ _ _ _ _ _ _ _ _ _ _ _ _c a t _ _ _ _ e x i t v e l o c i ty p r o f i l e ) . S te a d y in g
0 o.05 0.,o time curves, using different definitions

for the achievement of steady-state

NOD and the now length and time scales
Fig. 9 - Incompressible laminar jets. Computed

transient jet tip penetration~ using the
new length and time scales

Incompressible turbulence jets and for1
nonvaporizing and vaporizing sprays. Ir '4 ( -r ) (6F L'X 1rb ~rb * (6
TRANSIENT INCOMPRESSIBLE TURBULENT
JETS The meaning and form of the general de-

pendent variable 0, parameter b, and
THE MODEL - The equations of conser- source term S are given In Table 1.

vation of mass and momentum, and the two The turbulent;0Viscosity Wt used in the
equations of the k-c turbulence model present calculation is modeled through k
(13), were solved simultaneously to and cas shown in the same table.
obtain the mean dependent variables The initial conditions were zero
during the transient of two-dimensional, velocity everywhere except on the inlet
incompressible, turbulent, free jets. boundary. The boundary conditions for
In cylindrical coordinates, the the hydrodynamic variables u and v were:
governing differential equations a , W r-0 7-including the semi-empirical turbulence *0. u/r- .v*0(7
model equations - can be put Into the
following general form (114,15) at r - R, Wa a 0, 1 (rv) 0(8)

r ( rpa *r L.(. )] r- U I (9)



51 the boundary conditions at the outlet
plane as long as the head of the jet is
away from that plane. In all our tran-
sient studies the head vortex remained
within the computational domain.

4- SCALING - In Fig. 12 results are
given for the steady state centerline
velocity, with three different Reynolds

M.sENT numbers (based on the exit centerline
N velocity, orifice diameter, and k!"ema-

3- tic laminar viscosity) and for the spe-
clfied initial conditions. A systematic
Reynolds number dependence Is evidenced.
However, it can be accounted for by

.9%u scalUnt the axial distance with D
RSTEA In Fig. 13, the transient

2- results with three differnet Reynolds
numbers are presented. Notice that the
Reynolds number dependence disappears
for large values Of ReD, i-e. ReD**1O 5 -
Also, the dependence of the transient 

on
ReD can be accounted for if the axial
distance is s~aled again by D ReDO' 00 3

and the steadying time by
D ReDO'O 5 3/uCLo as shown in the same
figure.

In Fig. 13, t is the time needed
0 00 0.2 03 0.4 0. O.6 O7 for the axial velocity u to reach 70% of

its steady state value at any point x on
0% the centerline of the suddenly-started

turbulent jet. Again if a percent other
Fig. 11e- Incompressible laminar Jt (parabolic thani 70 is selected, the universal curve

exit velocity profile). 'Steadying time of Fig. 13 changes but not the charac-
curves, using different definitions for teristic time and length scales. This
the achievement of steady-state and is illustrated in Fig. 14 where the 705
the new length and time scales curve is shown together with the 99.9%

uCL, steady and 99.9% steady momentur.curves.I
The method of solution and the grid sys- The curves of Fig. 1 are fitted by

ten were the same as in the laminar jet the following equations.

computations. At x = 0, two jet exit

velocity profiles were used but only the 
70% u L'st ,

results obtained with 
the uniform pro-

file are summarized in the following t* - 1.645x* (x* a 0.608t*) x* < 7
paragraphs. 2

The conditions for k and c were as t O.235x (x' = 2.06t" 0 5) X 7
follows. At r = 0, the total normal 99.9% 4,teady (11:
fluxes for k and c were set equal to 2
zero. At r a R, the values of k and c t* a 0.37x1% x 1.64xt*0 "5) x* > 6
depended on the problem studied.
Usually, a small value of k was used to 99.91 steady 0.5entf
simulate the natural turbulence level in t* - O.9x2 (x = 1.05t* ) x*> 3
the free stream. At x : 0, the distri-
bution of k was prescribed and that of c As for the laminar jets, it was

was stimtedthrogh te epresionfound again that 70% UCL,steavy and Z0%(13) steady momentum are reached at the same
time at all downstream planes and so art

k 3/2 /Z (10) 99.9 UCL,ateady and 85% steady momen-
0 tum.

For steady state free round jet

The outlet conditions were that the nor- flows, considerable experimental Infor-
mal gradients be nil thus the com- mation Is aiailable. But for transient
puted flows are elliptic in space, but round jets the experimental data for
the results are not very sensitive to comparisons with our computations Is
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Table 1. Governing differential equations
for the study of turbulent incompressible
jets

1 a a 1 a3(rpu#) + a (rpv#)I*W ( z + (rb

Conservationof 4 b s 4

Axial a a u a 3v

Radial 3a u, 1 a 3V 2U v a
Momentum v Veff -Neff- ) + F 1(ueff r I-) "ff7-rr-

Turbulent k eff
Kinetic Energy G - CD D

Rate of
Turbulent E eff (C1G - C2 0)
D'rgy Dissipation - r

Guff 2 (u2 3v 2 + 2 au av 2

P of Uef + 2 (y -t +( +

Ut -C Pk 2 /C

very limited. Recently, Witze (5) made to account for the response time of the

some measurements in impulsively started equipment. In Fig. 16, the tabulated

air-into-air injections by hot-film ane- results are plotted in the coordinates

mometry. He measured both mean and (t/(D/uCL,o));(x/D), and a systematic

fluctuation components of the axial Reynolds number dependence is evidenced.

velocity for both steady and transient If use Is made of the new length scale

cases, and presented four sets of (D ReD 0 05 3 ) an the corresponding time

experimental data using two nozzle exit scale (D zeyO'O 3 L o the two cur-

conditions (Fig. 15). Only the jet ves tend to coalesce as shown in Fig.

arrival time he measured with nozzle A 17. The discrepancy Is larger very near

(See Table 2) was used for comparison the injector where the experimental

with our transient computations because measurements showed broader scatter.

we cannot readily characterize the A visual correlation based on two

nozzle exit condition of nozzle B due to experimental transient jet penetration

its screens. pictures of RIzk (2) and Dedeoglu (16)

It should be mentioned that from the is shown in Fig. 18. The center of the

measured arrival time at the various vortex shaped structure at the head of

locations reported in Table 2, a common the jet was chosen to identify the loca-

value of 0.35 ms was subtracted by Witze tion and time at which 70% of the cen-
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ReD - 8,650
--------- Re D  - 81,100
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X

Fig. 12 - Incompressible turbulent jets. Computed
steady-state centerline velocity
distribution with three different
Reynolds numbers

terline steady state velocity is
reached. These locations and arrival

o times thus correspond to the computed
4ones with which they are seen to compare

favorably. In the transient laminar jet
experiments of Abramovich and Solan (6),
70% of the centerline steady state velo-
city was also used to define the
penetration of the center of the head
vortex. It is also interesting that,
working with fuel sprays, Borman and

tJohnson (17) and Taylor and Walsham (18)
pointed out that the spray tip penetra-

---~vs Xtion rate can be closely estimated using
5 W0 t a value between 68% and 72% of the

UIL 0  steady state centerline velocity of the

- - spray.

--------- RO. TRANSIENT THICK SPRAYS

D THE MODEL - The equations of the
S0 , 0 30 model for the transient and steady state

of nonevaporating and evaporating sprays

are those of 0'Rourke and Bracco (19).
Fig. 13 - Incompressible turbulent jets. They ares

Calculation results an transient jet
tip penetration with three different
Reynolds numbers
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Fig. 14 -Incompressible turbulent jets. Steadying Fig. 15 -Solenoid-actuated valve and nozzle
time curves using different definitions configurations used by Witze (5)
for the achievement of steady-state dimensions in mm

Spray Equation -6(r - r2) a v -' z2 6(T d- Td3

vie (ft) +r (12)f) M
It -T' ;)dr I t ddI r2 v2 4dd2  (2

1/2 11 fx 1 V19 d I ) tLl -12 1. Td 2 t) Gas Phase Mass Equation

*~ I ' 2) 2 % ! 21 ZHULi, 1!-' 11 !2 T2' 9 t) (vj u w RD fdr ,w d (13)

1 2

6 (r - rd) 6LV _11) 6(Td - T4)
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Table 2 - Transient Arrival Times Measured by Witte (5)

CASE 1 (U - 53 m/sec, D - 1.Zm)

t (s) x (mM)
0.1222 2.87
0. -167 9.22
1.2097 15.57
2.9667 26.27
5.3667 40.97
8.5972 5.6__ _ __ _ __ _ __ _ __ _ _6 :3

12. 8556 6 7
17.9083 79.07

CASE 2 (U - i 103 m/sec, D = 1.2 nun),O

t (Ms) x (M)
0.0014 2.87
0. 02 6 9.22
0.20b , 15.57
1.296 28.27
2.L472 40.97
3.9722 53.67
5.7861 66.37
8.0694 79.07

Vapor Mass Equation Gas Phase Energy Equation

at' N!, + )= V (olh A ) -S + 3 4u*VVS5at It

- f -4v r p A dr dv ,d + v • (p D VY ,] (14) -iJ f[4r 2 R (h(Td)+

Gas Phase Momentum Equation -
+ A .r,3 ( is.- ,+ CA d )] dv dTd

at +- u 4 (p* ) = Vu V , c VT(16)

ff 1II [r 2 Rv+ 4T3 y],; dr dv dTd+ V - (15)

T 2
where u a'D [Vu Vu Vz-yS13J

a~ & t
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0-c Ma I I a
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Fig. 16 - Witze's experimental transient jet tip Fig. 17 - Witze's experimental transient jet tip

penetration (5) (See Table 2) penetration (5) in terms of the proposed

length and time scales

Equations Determining Exchange Rates Ya

S, 
(17c)IN TTv a+ YI P

Cp 2r1 -y (17a)

T d v- Ku, (T* - d 3(/r(T. -T

A NU 0aCArd
it /. - (17d)

pg 3 I _ __ _ 1_

| Cr -Tod)]} (1Tb) -ipt: - !,* 5  D (17e)

S 5-Vp .7 (17e)
09 ~ ~
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accounts for the effects of drop colli-
sions. The collision efficiency E 1 2,
which has been demonstrated by O'Rourke

U and Bracco to have essentially a value
of 1 in the present application, modi-
fies the following collision frequency

SDedeoglu(16), RED-64 103 between drops having velocities, sizes
* Rizk(2). k- 40 03  and temperatures in the implied range:

00 f(x,vl,rl,Td ,t)f(x,2,r2,Td 2,t)

w(r 1 +r 2 ) vl-_VJ

"dv 1 dr1 dTdldv2dr2dTd2.
The portion of the integrand within the
brackets gives the sources (given by the

0transition probability function,c) and
the sinks (given by the delta
functions,6) of drops of velocity V,
radius r, and temperature Td, due to
collisions between drops with subscript
1 properties and those with subscript 2
properties. The transition probability
function gives the outcome of a colli-
sion and has a complicated mathematical

O Ox 20 expression (21). Physically, it deter--- mines whether the outcome of a collision
s O is coalescence or separation. The cri-

Fig. 18 - Incompressible turbulent jets. teron for drop separation after colli-

Comparison of predicted and observed sion Is that the rotational energy of

jet tip arrival times the coalesced drop pair exceeds the sur-
face energy required to reform the ori-
ginal drops from the coalesced pair.
For the coalescence efficiency, Ecoal,

Equations of State which is the probability of coalescence
given that collision has occurred,
O'Rourke and Bracco give the expression

P up R T 1W + (18a) E oamin(2.4f (-) 1-0) (19)S 2 1 (V V1  coal r1 We'

(eYT clv-v 2 12r

c TP CV P IT T (18b) where We = a r . r l I r2

h T(T T4 - L(T) (18c) and a is the surface tension coefficient.
d V d)  The function f*

L( e ( )) (18d) (3 2 )2 r2 )

UTd Lf+ (C C)(TdT (8)f*( -2(.±..4... +2.7(- (20)
d rf Pd-ref Z1  r1 r

Equation 12 is the traditional spray
equation (20) plus two new terms that has the value of 1.3 for r2 /r1 as1 and
account for the heating of drops and for 3.8 for r2 /r1 c 2, and behaves as
drop collisions and coalescence. The (r2 /rl)

3 when r2 /r1 approaches infi-
term a(fTd)/2Td was tested for the first nity. The process of drop re-separation

time In the present study and accounts (called grazing collision by O'Rourke
for the effects of unsteady drop heating and Bracco) is important. Without it,
and a distribution of drop temperatures. that is if all collisions are assumed to
The Integral on the right hand side result in coalescences, unphysically
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large drops result (215. 2
In the gas phase mass, momentum DD0. 0161 --rD Un ) (1)

and energy conservation equations, the 4 .
integrals on the right-hand sides repre- The turbulence effects on the drops are
sent the exchange functions. They are
the sum over all drops at point x and calculated by adding to the mean gas

time t of the rate of mass, momentum, velocity, u, a fluctuating component,
andiergy eh anes beteen, oeh , ro 'g, when c mputing the aerodynamic dragand energy exchanges between each drop 'Force F and the gas phase Nusseltand the gas; thus they involve the rate number ,u .Fg Is chosen randomly from
of drop radius change R, velocity change an Isotroic Vaussian distribution with
F, and temperature change Td. mean square deviation 2/3k, where k is

The rate of drop radius change R the turbulence kinetic energy and is
is found by solving equations (17a)- assumed to be a fixed fraction (C =
(17c) simultaneously for the unknown 0.20) of the local mean flow kinetic
drop surface temperature Ts , surface va- energy, as is the case, approximately,
dr masrac~ o 5, sudR facer Raoar mass fraction ¥Vs, and R. After in the downstream part of steady gaseous
and Ts are found, the rate of drop jets
temperature change td is obtained from
(17d). The drop acceleration F, given k = C 22

by equation (17e), has two 2 -g (24)
contributions: one due to aerodynamic
drag Fa and the other due to the mean
pressure gradient which has been shown For each drop, after a turbulent corr.e-
to be important in some applications by lation time Tt, a new value of u' is
O'Rourke (21). In Equations chosen. Dukowicz (23) took this gorre-
(17a)-(17e), there are three unknown lation time Tt to be constant. O'Rourke
functions; the drag coefficient CD, and (21) tcok Tt to be the residence time cf
the gas and liquid phase Nusselt num- a drop in a turbulent eddy of size k
bers, Nu and Nu,, respectively. After found from
a detailed survey of experimental and
theoretical studies tf fluidized beds,
heat transfer in regular arrays of Dt = Ck/ (25)
spheres, and packed beds, O'Rourke pro-
posed the following correlations to
account for the effect of the gas volume
fraction, e, with the optimized constant C, O.04b.

ft is then given by

24 (2. 65.Re 2 / 3 -1. 78

CD(,Re) 2 e e6 - B (21)D e6j 1 J + t ly(t ')- % (t ') idt ' (26)6t

Nu [2- .~ 7 . R.,(e )1/2 Pr1/3 l n (1-+B) (22)
r/ 2 where ug(t') is the mean gas velocity

Y Y ' at the drop position at time t'.
v v A detailed derivation and discus-

where B I s is the transfer number. sion of the equations of the thick-spray
v s  model is given in Referince 21.

The axisymmetric transient motion

Equations (21) and (22) were used of a liquid spray is computed from the

in the present non-evaporating and eva- beginning of the thick spray regime to a
porating studies with the Nu a 1 and Pr downstream region where the spray Is

a 0.7. very thin. The computational mesh used

The effect of turbulence on the gas is shown in Fig. 19. For all the cases
phase are accounted for by the terms studied, the cells were Smallest near
involving Dt in Eq. (ie)-(16), where the nozzle exit, where Lr u 0.05 cm
Dt is the turbulent diffusivity, and was and Ax a 0.1 cm. Away from the nozzle

assumed to be equal to that of turbulent exit, the size of the cells Increased injasuets and related to the kinematic both the axial and radial direction with
mom corresponding expansion factors of 4%
momentum (22) and 75. A total of 44 cells in the
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r

ZINJECTOR NOZZLE LOCATION

Fig. 19 -Computation mesh for spray studies

axial direction and 26 cells in the ratio of the nozzle increases. Peitz
radial direction were used, giving the and Bracco argued that the corresponding
computational domain a length of 9.5 cm initial mean drop size should be corre-
and width of 3.2 cm. lated by

The top and right boundaries were ~23
treated as open boundaries, the left SMR0 1 B 14 (.- /CU 23(6
boundary as a solid wall and drops and 1 - )n (22
gas injected froL the cell of the where the constant B is independent of
left boundary next to the axis of syrn- the nozzle geometry and of order
metry. The condition on the top boundary one, but no experimental verification of
allows for free entrainment from the sur- Equation 28 has yet been provided. Note
rourndirngs. The pressure at the top and that in this expression, the Initial
righ~t boundary were assumed to be uni- mean drop size S.4110 Is predicted to
form and equal to the ambient value to decrease when the chamber gas density
sirn.;ate the free spray conditions. increases. However the computed

All the computations were initiated downstream mean drop size is found to
at that axial location of the spray Increase with Incz-easing gas density due
where the Initial gas volume fraction, to collsions and recombination (19) and

i,,s approximately 0.9. Gas and liquid in agreement wit~h the measurements of
were injected with equal axial velocity Hiroyasu and Kadota (26).
U0, computed by using conservation of The computer code
mozentu., that is somewhat lower than LDEF(Lagrangian Drop-Eulerian Fluid)
the liquid injection velocity, Uinj, in developed by 0O'Iourke (21) was limployed
tu~rr. calculated with a discharge coef- for the present study with some modifi-
ficient, ction estimated from the cations. This code incorporates the
experimental data of Bergwerk (24). The basic methodology of the stochastic par-
procedure to compute U0 was explained by cel method of Dukowicz (23) as well as
O'Rourke and Bracco (19). The Initial additional features added by O'Rourke to
spray angle and mean size of the drops improve its accuracy and extend its
was computed using correlations proposed applicability. Typical examples are:
by Reitz and Bracco (25) for the atomi- wceresshelionsta ts weended by
tat oundery ney wr th e ontsioo a modified form of the ICE technique,
that. undthe condition of the momenta equations were cast in con-
(/o o)(re,/We, )2 >>I, the measured i- servation form, and the swirl velocity
til pray ha angle, e is correlated equations were added for the liquid and
well be gas. Use of the ICE method obviates the

ned to eobserve the Courant sound speed
tan e (27) restriction on the size of the com-

S e p to putational time step. Detailed descrip-
whert theax proortionlithery atasetion of the iteration procedure used in
where te ptp gomeaty ofue nanton, the code and the momentum exchange
deor s oapl orto strih o und ozz. calculation are given in Reference 21.
For exmpute, fr usrigh oundv holesc The modifications we have made to
Increases when the length-to-diameter O'Rourke's code for the present study

ficent C~s,stiatd fom he attns.Ths cde ncoportesth
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Include: 1) a numerically more efficient
grazing collision calculation procedure; 5 I~ -- PAMBR .1M P

2) a new implicit iteration scheme to
compute the time advanced liquid parcel 4-
temperature for evaporating sprays; 3) COMPUTED
gravitational acceleration In the ca- 3- -

putation of the liquid parcel velocity; WASURED(26)
4) and algorithm for the evaluation of 2)
the drop velocity distribution function
and the axial distribution of mean drop
size. More information on these modifi-
cations and other spray computations can 0
be found In Reference 7. 0 10 20 3040 506070 80

SCALING - To assess the accuracy of r(lsm)
the model, O'Rourke and Bracco (19,21)
compared Its riult with the tip penetra- 6 13.OMPo
tion rate and the downstream drop size 1O'A
distrubtion measured by Hiroyasu and -

Kadota (26) In one Diesel-type Injection TE  5C
and with drop size and velocity distri- --- COMPUTED
butions measured by Groeneweg et al (27)
at several locations within a spray from MEASURED (26)
a swirl atomizer. More comparisons have 3
since been made with more of the data of
Hiroyasu and Kadota. 2-

In Fig. 20, computed and measured
tip penetration rates are given for the -- =

01 (Pm LI MP) ,0 r

9I ,,21 *,P&.3.MPo) 0 0 20 3040 50 60 70 80

7- f'," "- 6 10 - P AW MP
6-

-r (CM ..... ,ol )/= " ---..M.U__E"
I3 t MEASURED(26)

2- 1. o/ MEASUREDI26)

I 4' ~COMPUTrED 2-

0 1.0 2.0 3.0 4.0 5O -

Fig. 20 - Computed ensemble averaged spray tip 0 10 20 30 40 50 60 T0 S
penetration curves of cases #1, 2, r(m)
and 3 of Table 3 Fig. 21 - Computed and measured drop incremental

volume fractions versus drop radius
different gas pressures (and densities at three gas pressures (cases #1. 2.
since the experiments were at room 3 of Table 3)-measured SMR - 21. 24,
temperature) of 1.1, 3.0, and 5.0 MPa. 27jjm - computed SMR - 23, 20, 25 pm
The agreement is seen to be good. The
computed and measured downstream drop
size distributions and corresponding the same model.
Sauter mean radii for the three cases In the scaling studies (see Table
are also shown In Fig. 21 in the coor- 3) we varied separately the orifice
dinates of incremental volume fraction, diameter, to study the effect of orifice
(1/VT)dV(r)/dr, versus drop radius r. size at constant geometry (Cases #1 and
It is observed that both computed Sauter 9); the injection velocity (Cases #1 and
mean radii and computed distributions 10); the spriy angle, to evaluate the
compare favorably with the measured effect of orifice geometry at constant
ones. All computations were made with orifice diameter (Cases 01,2,3 and

... ... .. .... , . ..... . - . .. , .. .. .. '- ,- . .
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Table 3. Input parameters of the spray computations

pii Pait %xIs Un U0  00 amR% , Dt P=6t D 1: q T, ?~V,

CASE e Ma wa cat Cam/= U Red m2/= W
1 us a. K g m

3 K 9/o3

1 9.9 1.1 0.7 10.2 8.92 0.9 3 .0785 6.67 .0043 900 0.5 0.03 300 .0126 300 0.84

2 9.9 3.0 0.7 9.03 6.91 0.88 1.5 .0993 6.67 .0039 900 0.5 0.03 300 .0344 300 0.84

3 9.9 5.0 0.8 8.64 5.92 0.87 1.2 .1220 6.67 .0037 900 0.5 0.03 300 .0577 300 0.84

4 12.9 6.0 0.7 9.03 6.91 0.88 1.5 .0993 6.67 .0039 900 0.5 0.03 600 .0344 300 0.84

5 10.45 1.65 0.7 10.2 8.92 0.9 3 .0785 6.67 .0043 900 0.5 0.03 A50 .0126 300 0.84

6 11.0 2.2 0.7 10.2 8.92 0.9 3 .0785 6.67 .0043 900 0.5 0.03 600 .0126 300 0.84

7 11.0 2.2 0.7 10.2 8.92 0.9 3 .0785 6.67 .0043 900 0.5 0.03 600 .0126 300 0.84 thin spray

8 34.0 3.4 0.65 16.2 13.13 0.923 0.9 .1047 1.0 .0046 900 0.5 0.02 700 .0164 300 0.84

9 9.9 1.1 0.7 10.2 7.073 0.968 3 .0785 6.67 .0022 900 0.5 0.015 300 .0126 300 0.84 D effect

10 18.7 1.1 0.7 14.43 12.74 0.9 1.5 .0785 6.67 .0062 900 0.5 0.03 300 .0126 300 0.84 U nj effect

11 9.9 1.1 0.7 10.2 8.92 0.9 3 .1312 6.67 .0043 900 0.5 0.03 300 .0126 300 0.84 ej effect

12 9.9 3.0 0.7 9.03 6.91 0.88 1.5 .1745 6.67 .0039 900 0.5 0.03 300 .0344 300 0.84 W

13 9.9 5.0 0.8 8.64 5.92 0.87 1.2 .2182 6.67 .0037 900 0.5 0.03 300 .0577 300 0.84 a

14 13.8 5.0 0.7 10.2 7.0 0.873 0.6 .1220 6.67 .0043 900 0.5 0.03 300 .0577 300 0.84 p effect

15 9.9 3.0 0.7 11.71 7.51 0.86 0.9 .1220 6.67 .005 900 0.5 0.03 300 .0344 300 0.50 c effect

#11,12,13, respectively); the gas den- Finally changing the gas temperature at
sity (Cases #1 and 14) ; and the liquid constant gas density changes the vapori-
density (Cases #1 and 15). After each zation rate and the transfer number
variation, we looked for characteristic BT=cp (T -T )/ Lwas considered for the
length and time scales so that the scali~g agd Tound adequate (7).
dimensionless location at which a The conclusion of the parameteric
selected fraction of steady state is study is that the characteristic length,
reached remains the same before and velocity, and time scales for the tran-
after the variation at all dimensionless sient and steady state of thick sprays
times. It was also checked that the are:
selected scales do not change when dif-
ferent fractions of steady state are
employed. In looking for the charac- Characteristic Length:

teristic length and time scales we were d e)-0.25/ -045
guided by our findings for laminar and eff-D (tan )) (l+BT)
turbulent jets. There the charac-
teristic velocity was always found to be Effect Effect Effect Effect of
the injection velocity so that the of Noz- of Nc'z- of Li- Vapori
characteristic time became determined as zle aleGea- auid & zatinn
soon as the characteristic length was Size hetry Gas Density
identified. The characteristic lengths, Characteristic Velocity: (29)
in turn were D ReD for laminar jets and
D ReD 0 0 5 3 for turbulent jets, but both U.nj
of them can be written as D/tan 8 since
for laminar jets tan e j iRecl and for Efect of
turbulent jets tan ej ~*D' (a -0.053). Injection

Thus the injection velocity, the Velocity
diameter of the orifice and the initial Characteristic Time:
angle of the spray were suspected to be
important In the scaling of sprays as
well. Indeed they were found sufficient deff/Uinj
to scale the effects of nozzle size,
nozzle geometry, and injection velocity.
Moreover the effects of gas and liquid Moreover, just as for laminar and
densities were surmised to be turbulent jets, we found that the chare-
expressible through their ratio since teristic time and length scales do not
this ratio Influences the initial angle change when different definitions for
of the spray (25) and Is also important the achievement of steady state are
in compressible turbulent jets (28). adopted (ae Figure 22), and that 70%
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- - l70% UCL,steady point (Equation (30)) and
4 4 - 1- -1terms are regrouped so as to isolate the

various parameters, exponents of the
S- - -parameters are derived that can be cor,-

- J--.9 %AMOSnTEW pared with the exponents of tip penetra-
.0 - -- tion rate correlations proposed by other

' - authors and obtained through theoretical
considerations or curve fits of experi-
mental data. The comparison is made in
Table 4. It can be seen that the pro-

Posed signs of the exponents are In
- general agreement but that magnitudes

. -. _3_ T;u- differ. however, our correlation is in
reasonably good agreement with the

off 1-1 ,, experimental ones of Schwitzer (29),
+77- -T  -- Parkset al (33), and Taylor et al (35).

I 7,In particular, it is Interesting that

20 2 S, MOEN _ the correlations proposed by other
-- .... -- = -t---- -= authors on theoretical considerations

_______ lot x go as t8 .5, in obvious analogy
with turbulent gas jets, whereas our
computations and the expeirments Indi-

cate that the exponent of t should be- - - - i - - between 0.59 and 0.66.

•-- .. IMILARITIES AND DIFFERENCES OF: / . . . _ _ __ __ . __ . . . __ _ . ] __L A M I N A R , T U R B U L E N T , A N D S P R A Y J E T S

The conclusions of the numerical
________ studies described in the previous sec-

,= n tions are summarized in Table 5. There

the characteristic length, velocity, and
Fig. 22- Spray steadying time curves using time scales are given for the transient

different definitions for the and steady state of incompressible lami-
achievement of steady-state. See nar and turbulent jets and nonvaporizing
Eq. 29 for reference length and time and vaporizing sprays together with the
scales fits for the steadying times (Equations

5, 11, and 30 corresponding to the cur-
ves of Figures 10, 14, and 22).

UCL:tea dy and2 20 steady momentua= are Although the equations of Table 5
a dtthe same time at all axial contain all the necessary information,

locations and so are 99.9%ocatitoady and 65s eady momwe would like to illustrate theirUCL,steady and 65% steady momentum. meaning and the general behavior of the
The curves of Fig. 22 are fitted by mengadthgnrlbhvirotetransient of the three jets with the

the following equations: help of Figure 23. The three curves of
this figure are typical of the universal
steadying curves that we have found for

0 uCL,Steady the three families of jets (Figures 10,
14, and 22) and that are represented by

t* - 1.457x* (x* a ).686t*) x * 0.6 the equations of Table 5. Sketched on

to- l.99x* 1"5 1 (x* 0.656t*0 " 2 x*>0.6 top of them is the corresponding jet at
two subsequent times from its impulsive

99.9% 'CL,ra '  (30) start. (The shape and position of the
14 * 9> 0.6 head vortex is only apprcximate since

t* - O.89t0 6 7 e) i0.6 Its structure was not studied directly

99.91 at% ZaGy4 mtu in this work due to difficulties in
t* - 2.5x* ' 48 (x*- 0. 0.t*0 .676) x*> 0.6 identifying its boundaries precisely In

.S - the numerical results). The three cur-
ves identify which part of the jet has
achieved what fraction of steady state

When Uin and the expression for qiven either the time from its impulsive
deff (Equati~n (29)) are replaced in start or its instantaneous position.
the equation for the trajectory of the For all three families of jets, the

i]AIL
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Table 4 - Powers of the Independent Parameters of the Tip Penetration Function

PROPOSER OF POWrR OF PARAMETER
CORRELATION

AP D t an0 Remarks
(29) 0.2936 0.4127 -0.4127 - 0.5873 . . . . exp.

(30) 0.3 0.4 -0.5 - 0.5 0.4 0.3 - - theor.

WAKURI, ET AL 0.25 0.5 -0.25 - 0.5 - - - -0.5 theor.
(31)

SITRE!
(12) 0.39 0.82 -0.35 - 0.48 -0.04 -0.3 - - theor.

PARKS, ET AL 0.3 0.4 -0.4 0.6 0.6 - - - - exp.
(33)

.34) - - - - 0.5 - - theor.J34)

_AYLORET AL 0.32 0.18 -0.32 - 0.64 - - 0.18 - exp.

(36) 0.25 0.5 -0.25 -0.25 0.5 - - - - theor.(36)

WILLIAMS 0.25 0.5 -0.25 - 0.5 . - - theor.
(37)

HIU, ET AL 0.25 0.5 -0.35 - 0.6 0.4 - - - exp.

(38)

HIROYASU, ET 0.25 0.5 -1 - 0.5 - - - - t>tbreak
L (39) 0.5 - - - 1 -0.05 - - - t<tbreak

RESENT 0.331 0.338 -0.338 -0.152 0.662 0.0 - -0.085 x*>0.6
TUDY 10.5 - - - 1 -0.05 - - -<0.

•tbreak w 28.65 D/(Pg AN)h

transition to steady state is Extremely important is that the
accomplished mostly within the head vor- characteristic steadying time and
tex. It is realized that the dif- length scales are the same for all frac-
fusional component of the process tions of steady state for each family of
strictly would require infinite time for jets (but are different for the three
complete steady state to be reached. families). This is necessary to be abl
But practically high fractions of steady to conclude that all transient jets
state values are already achieved at the scale in time.
back of the head vortex. What fraction Very interesting is that for each
is considered sufficient depends on the of the three types of jet the cross-
specific application. For this reason section at which 70% of the steady state
we have given curves corresponding to centerline velocity is obtained remains
five different fractions. identical with that at which 20% of the

For all three types of jet, the steady momentum is achieved throughout
velocity achieves a given fraction of the propagation. Since this is a sec-
Its steady state value faster along tion of the head vortex, one must
the axis than off the axis as shown, for conclude that the head vortex itself
example, by 70% of the steady state cen- scales in time and that its length and
terline velocity being achieved at the time scales are proportional to those
same cross-section at which only 20% of given in Table 5. But, as previously
the steady state axial momentum is stated, the scaling of the head vortex
obtained. At the back of the vortex, was not studied explicitly and this
using any definition, a large fraction conclusion remains to be checked.
of the steady configuration has already Thus, in general, the three
been achieved, families of jets are similar in that at
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Table 5 - Characteristic Losath. Veloctt. and Tim kcales for the Transient
and Steadv State of locomrosble laminar and Turbulent Jets and
Neaneriutax and 'aportlan Serowe and irurve wits for th. Steady-
tea Times of the Three Psalliet n! Jets

J1AINAN JETS Characteristic Lengths D ROD
Characteristic Velocitys U 1 1iDUn
Characteristic Times IDUn
Steadying Tie Curve Fits (Fig 10

For Unifoarm Nozzle Exit Velocity Profile:
705 uCL,steady and 205 steady momentum

to * 2.?x*(xo a 0.i155 to) X910.04

oa 7.Sxol.'
2
(xo a 0.235to0

0 7
) .04,x0.2

to - 13.2x*
1
.
75

(xa . 0.229toO.57) x'0.2 9.%SED

99.9% uCL,ateady and 855 steady momentum 
MOENU

to - 16.2x01.
6
1(xv a 0.177t#0.

6
2) x4>0.1

99.9% steady momentum

to - 32x*1.61(xo x 0.116t90.62) .03x6,0.075 "9 n
TURBUL.ENT JETS Charactristic Length: D SeD 0  i.SEA

Characteristic Vel1ocity: U1 *
5
/ij85% STEADY MOMENTUM

Characteristic Time: DiIO03u
Steadying Tim# Curve Fits (Fig 14)

For Uniform Nozzle Exit Ve..ocity Profile:
703 uCL steady and 245 steady momentum

to a1.6450x CxG 0.608te) x6'7

to - 0.235x02 Cxf 2.06t*
0
-
5
) x0'7?0 LSED n

99.9% uC~ted and 85% steady momentum 20% STEADY MOMENTUM
o 0.37xe

2  
Cxo 1.6hsMt*0O5 ) xm'6

99.9% steady momentum

t6 0.9x*
2  

Wx 1.05Jt*
0
.
5
) xf'3

SPRAYS Characteristic Length: Fig. 23 -Transient of a jet and corresponding
deff . D(tanei)0.

2
54C,/.6)( 1.BT)_O'i dimensionless steadying time curves

Characteristic Velocity: Uin
Characteristic Time: d0 6n/
Steadying Time Curve Fits (k''422)

For Nozzle Exit Conditions Specified in Paper: xoa the exponent a were the same for the
70% uCL.Steady and 20% steady momentum three Jes n could then ma one type

tos .47x (G 068tf X-0 of jet Into the other two, at least as
to - 1-890

1 5
1 (xf a 0.656tf50 6 6 2 ) x' 0.6 far as their axial distributions are

99.95 uCL.Steady and 855 steady momentum concerned. But the exponents are dif-
t-2.2x01 *"9 (so a.8to61 xf 0.6 ferent and the three curves cannot be

0.5BteO.71)reduced to a single one and can cross
99.9 stady ometumonly at one point. This In shown in

to - 2.501l-48 (xg 0.53StsO. 6 76
) xf,0.6 Figure 24 where the point at which the

three curves coincide was arbitrarily
selected to be In the middle of the comn-

least their stems, and possibly their puted range. One way of Interpreting
heads too, scale in time and in that this figure Is: given a spray, and
they have already achieved large frac- having selected a downstream location, a
tions of their respective steady state turbulent jet can be found that achieves
configurations at the back of their head 70% of it3sateady state centerline velo-
vortices. They are also similar in city at that location at the same time.
that, initially, the penetration depth But at different locations the same two
is proportional to the time of injection Jets will reach the same percent of
whereas later It grows more slowly with steady state at different times.
it. This Is because, initially, the Actually the differences within a
propagation of the three Jets Is domina- limited range and for certain applica-
ted by convection whereas convection and tions may be considered Irrelevant. If
diffusion become controlling later into this difference Is neglected, then for
their penetration. each spray a turbulent Incompressible

But there are also Important dif- jet and a laminar Incompressible jet can
ferences among the three types of jet. be found that penetrate at the same

Consider the tits of Table 5 of rate.
the three 70% uCL steady curves for the But the differences between the
three Jets. If in the expressions tee, curves for the three Jets increamp whan
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versus reduced dimensionless steadying
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steady

the 99.9% uCj, *teady and 99.9% steady are fitted by the equations of Table 5,
momertum posi Lons are tracked (see a few examples are now given. Consider
Figures 25 and 26). This is par- the non-vaporizing spray measured by
ticujlarly true for the difference bet- Hiroyasu and IKadota in a gas pressure of
ween the gas jets and the spray. It 3.0 MPa (Case #2 of Table 3). How long
means that even though one can determine does it take to the center of the head
a turbulent gas jet that has the same vortex to penetrate 2.5cm? The quan-
tip penetration rate as the spray tities needed, and their values from
(having identified the tip with the Table 2 are: D =0.03 cm; ei= 5.70;
point at which the 70% uCL~tad g=0011 /c3 With 3 ths
first reached), between tetip P d the w..; Vii-~ 03 m/s 0.84 these 8T

n -

orifice the two jets will have different quantiils we can compute the length

axial distributions and the difference scal d*r 1.3 cm, and the time scale
will change with time. daff/Ujnj = 0.144 ms from the equations

Finally, the radial distributions of Tabe5. Since the given penetration

are In general differ~nteif for no is 2.5 cm, the dimensionless penetration
other reason, because the angles of Is 2.5/1.3 a 1.92. Entering Figure 22,
the turbulent jet and of the spray are or the corresponding curve fits, with x
different. However, under certain con- a1.92, we read three values Of t.
ditions even the angles can be similar Using the time scale of 0.1a4 is, the
(see Figure 2). three values of t become 0.72, 0.82, and

0.96 ma. The first Is the arrival time
Meast ePenCtoS h oneat x a 2.5 am of the center of the head

vortex. The second Is the time for the
axial velocity at x a 2.5 cm to reachcuroeo Figure 10,a and s2e thae 99.9% of Its steady state value, and for

curves ofdiuretos 109 14, adifeec 22,l detha.tm adte iescl
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4 want the two jets to arrive at the same
time of t a 0.72 ms. We again identify

JUT the tip of the gas jet with the center
-of its head vortex and use the correla-

tion for 70% UCL,steady (Equation 11),
VJL. ! J thus getting

, (DReDO.053) Uinj a 2.04 (cm2/ms) (31)
'_ S!A

-__.... Since we have one equation and four un-
knowns, there are many gas jets thatsatisfy the requirement. But If we want

Lthe gas to be injected in the same
-- -- -atmosphere as thl spray we alsp select

cm 0.0344 g/cmS and Pi= 210- g/cms.

W still have one more fhoice. We may
. -impose that the mass flow rate of the

two jets be equal

... --____ _ D2 Uinj = 0.198 (cm 3 /ms) (32)

No more constraints can be put on the

gas jet but Equations 31 and 32 can
be solved for its diameter and injec-
tion velocity: D=0.187cm, Uinj=5.660m/ms.
Its Reynolds number turns out being

..... . -- 1.8210'. Figures 24, 25, and 26 could
now be used to study the differences in

0 2 the axial distributions of the two jets
and how they change in time. Their
radial distributions will be different,
If for no other reason, because theirFig. 26 Reduced dimensionless steadying time angles are different. The angle of the

versus reduced dimensionless spray is 11.40 and that of the turbulent
steadying length using 99.9% steady gas jet about 230. Thus, even though
momentum the mass flow rates are the same and

axially the heads of the two jets
the axial momentum to reach 85% of its penetrate at very similar rates around
steady value, and corresponds roughly to the 2.5 cm location (but at 4 cm the
the back of the head vortex. The third turbulence jet already arrives 15%
is the time for the spray to reach later), radially the gas jet is thicker
complete steady state between the ori- than the spray. But the angle of the
fice and x = 2.5 cm. Alternatively spray changes with nozzle design and
fixing the time at 0.72 ms, we read from gas-liquid density ratio (Figure 2) and
Figure 22 that the center of the vortex for appropriate conditions even the
is at 2.5 cm, the back of the vortex is initial angles of the two jets could be
at about 2.25 cm, and between the injec- similar.
tor and location 2 cm, the spray is in
complete steady state. CONCLUDING COMMENT

Now suppose we want to simulate the
above non-vaporizing spray with an The main result of this work is the
incompressible turbulent gas jet. We identification of the length, velocity,
cannot have the two tips penetrate and time scales for the transient and
exactly at the same rate at all times steady state of incompressible laminarbut we can have them reach any one and turbulent jets and nonvaporizing and
penetration depth at the same time vaporizing sprays and of the steadying
(slightly different penetration depths time functions for the three families of
will be reached at different times jets. The findings are summarized in
around the selected one but at times Table 5. A few sample applications were
very different from the selected one, then given including a discussion of
the depths of penetration will be quite similarities and differences of gas and
different. Figure 24 can be used to spray Jets and computations of Jet tip
quantify these trends). We select penetration rates.
x a 2.5 cam for the location at which we The information was obtained
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through the numerical solution of model based on the computed structures of the
equations. The results were compared to three jets that are both logical and
measurements whenever possible. But the realistic, as shown by comparisons with
models are complex and the experimental experimental data. In all, model uncer-
information scant, particularly about tainties relate more to accuracy than to
transient jets. Thus a comment on the essential structural features.
confidence that should be attached to
the results is appropriate.

The model for incompressible lami-
nar jets consists of the complete
Navier-Stokes equations with laminar NOMENCLATURE
viscosity and includes no unknown, or
even controversial, parameter. Thus we CDIS Discharge coefficient of
consider the given length, velocity, and nozzle
time scales final. The steadying time
functions depend on the velocity profile c Liquid specific heat
at the nozzle exit. The curve fits of L

Table 5 are for uniform velocity profi- c Gas specific heat at
les. The curves were fitted to the P constant pressure
results of many computations and small
local inaccuracies are possible. cInert species specific
However more extensive studies of the pl Ieratscies pefic
problem are expected to bring about only
minor changes in the coefficients of the
curve fits. For different exit velocity Pv Vapor species specific
profiles, different steadying time func- heat at constant pressure

tions exist but they will have to be
determined with additional computations. deff Effective orifice diameter

The model for incompressible tur-
bulent jets includes the k-c submodel D Nozzle orifice diameter
for turbulence diffusion that has only
limited engineering validity. Neverthe- Dt Turbulent eddy diffusivity

less we consider the given length, velo-
city, and time scales quite accurate Ecoal Coalescence efficiency
with the exception of the small exponent
of ReD, 0.053, that is likely to change E 12  Collision efficiency
somewhat as more information becomes
available. Again the steadying time f Drop distribution function

functions depend on the velocity profile
at the nozzle exit, and, for turbulent F Drop acceleration

jets, also on a variety of details of (z dv/dt)

the experiment and measuring technique.
The given curve fits are for uniform Ea Aerodynamic drag on a drop

exit velocity profiles but their coef-
ficients can be expected to change G Turbulence generation

somewhat depending on the details of the expression, see Table 1

specific application and as more infor-
mation becomes available. hg Gas enthalpy

The model for thick sprays is the
most recent and uncertain. So far it hi Liquid enthalpy

has predicted correctly difficult
trends, and even magnitudes, but has k Turbulence kinetic energy

undergone only limited tests. The pro-
posed characteristic velocity scale is
very likely to be the correct one. But Turbulent eddy size

the characteristic length, def f , must be
considered a "theoretical" result to be L Length of calculation
tested further and possibly improved, domain

The same applies to the spray steadying L Latent heat of
time functions.

Nevertheless, we expect our state- vaporization
ments in the section on similarities and
differences of laminar, turbulent, and
spray jets to be correct. They are

_____ { I



SYMBOL DEFINITION SYMBOL DEFINITION

Nug Gas phase Nusselt number uCL,o Centerline axial velocity
at jet exit plane

Nu Liquid phase Nusselt
number UCL Local, steady value of the

steady centerline axial velocity
p Pressure

uCL,x Centerline axial velocity

Pr Prandtl number at axial position x

Pv Equilibrium vapor Jet exit velocity profile
pressure U Mean jet exit velocity

Fin j  Fuel injector upstream
pressure Ue  Coflow velocity

Chamber gas pressure U0  Parcel injection velocity

r Radial coordinate or drop Uini Liquid injection velocity
radius a 2(Pinj-Par.b 3 %

- cD S[ £ ]
Radius of calculation
domain or drop radius v Radial velocity component

change (z dr/dt) vDrop velocity

Universal gas constant W1 Inert species molecular

Rc Jet orifice radius weight

ReD Reynolds number based on Wv Vapor species molecular
the jet diameter and mean weight
jet exit velocity= CUD/L. We Jet Weber number

-z g Uinj2 Dr.

S. Source term of conser-
v vation equations We Drop coalescence Veber number

x Coordinate in the direc-
SMIo  Initial drop Sauter mean tion of jet axis
: radius

t Time x Position in physical space

Td  Drop temperature y Coordinate in the radialdirection

Id Time rate of drop temperature ¥1 Inert species mass
change fraction

Tg Mean gas temperature yv Vapor species mass

fraction
Ts  Drop surface temperature Drop surface vapor mass .

T it Temperature of injected fraction
liquid parcel

e Vold fraction (mean gas

u Axial component of velo- volume fraction)
city

Mean gGas volume fraction in the
Ug Mean gas velocity injection cell

' g Fluctuating component of Spray half-angle
gas velocity experienced
by a drop ii Viscosity Of gas
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SYMBOL DEFINITION SYMBOL DEFINITION

LL Viscosity of liquid ref Reference quantity

Kinematic viscosity or s Averaged property over a
collision frequency drop's surfaceSuperscript

C Rate of turbulent energy Mean value
dissipation Dimensionless quantity

Dirac delta function
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Computations of Drop Sizes
in Pulsating Sprays and of

Liquid-Core Length inVaporizing Sprays
T..W. Kuo and F. V. Bracco

Dept. of Mechanical and Aerospace Engrg.
Princeton Univ.

Princeton, NJ

TWO STUDIES ARE REPORTED THAT ARE computations for their injections and
CONNECTED only in that the same model sought to understand the reason for the
for thick spray was used in both and observed trend.
their conclusions may be significant The second study regards the
for applications to direct-injection longstanding question of the presence
stratified-charge and Diesel engines, or absence of liquid drops in the com-

The first study concerns the bustion chamber of Diesel engines and
effect of pulsating injection on the of direct-injection stratified-charge
penetration rate and the downstream engines (today more popular under the
drop size. Hiroyasu and Kadota (1)' name of ignition-assisted Diesel
measured downstream drop sizes using engines). Thus Lyn, Shahed and
various numbers of injection pulses coworkers (2,3) have always treated the
about 3 ms in duration and reported an injected fuel as gaseous Jets whereas
increase in the drop size with the Wisconsin group (4,5) has con-
increasing number of pulses. We made centrated on drop and spray effects.

In spite of the apparent contradiction,
*Numbers in parentheses designate according to our computations, both
References at end of paper. groups may in fact have been right.

ABSTRACT
Computations are reported of tran- evaporate within a well defined

sient axisymmetric pulsating and eva- distance from the injector. Beyond
porating sprays that account also for this distance only vaporized liquid and
drop collisions and coalescence. It entrained gas continue the penetration.
is found that, for the same upstream For engine applications the length of
and gas conditions, pulsating injec- the liquid core is found to be of the
tions result in smaller drops than con- order of centimeters and sensitive to
tinuous injections. The difference is conditions. In particular it decreases
particularly marked at high gas den- with Increasing injection pressure, gas
sities and is due to the inhibition of temperature, and gas density. The sen-
collisions and coalesce of drops sitivity of the liquid core length to
generated by the gas gap in between the conditions may explain the different
pulses. However, the tip penetration importance attached by different
rates are not markedly different for authors to the liquid phase in direct
continuous and pulsating injections. injection stratified-charge and Diesel
For transient evaporating sprays it is engines.
found that all drops except the largest

014.7191192/2220133802.0
Coyl~dlt 1112 Soelty of Autemotdv EnlgNwi, In.
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Only small differences in conditions Vapor Mass Equation
would separate the two limits.

The paper is organized as follows. SpY +
The main features of the model used in it • ' M
the computations are summarized first.
The description is of necessity concise.
but some details are available In (
Reference 6 and considerable infor- " 11 4r2 10Afdr dv dTd . V • (Pg Dt VYv] (3)

mation in References 7 and 8. The Gas Phase Momentum Equation
results of the pulsating spray com-
putations are discussed next in speci- 3'u
fic comparisons with the data of -±1. V (0,0 U ) + T(p
Hiroyasu and Kadota. They were for it 6-I-p"£
nonvaporizing sprays. In the next sec-
tion, the results are reported of a

study in which gas conditions similar " 4 ['" 4 wI _Jtf dr d -dT4.* T (4)
to those that may be found in Diesel at
engines were selected and a parametric
study undertaken of the length of the
liquid core and its sensitivity to where rt ) D -Vu * - V*u 13
various parameters. t Zt -9 -S 3

Gas Phase Energy Equation
THE MODEL

The equations of the model for the L 0 UI)
transient and steady state of noneva- at a8h it

porating and evaporating thick sprays
are those of O'Rourke and Bracco (6).
They are: f /I , w 2 R ( h(Td) +1 2

Spray Equation

*(fv)* *(fl) +1-(fR) +L (*rt +  av V) +To
'd - - ,d)]drdz_

1/2f 1 f x, _ 1 1,0 T, t) fLx, -'2, Lsd
1 2 t Vu + V [ 0'£ C DtVT 3 (5)

*(l + '2)2 1," -2f 12-' A-' r' 12' r 2 , t) Equations Determining Exchange Rates

ft-' 1 a (6a)

1 2 8 T4 2 16t)

1 N u 8 -. . Cj. . - d

-6(Tr ~2) 'Ll - 1) 6(Td - Td II r
2 t.I. t T-T . (T* (6b)

dr 1  dTd .2 dT 2d2

Gas Phase Mass Equation % r w

v
If; + T 0 JJ'U 41T 2 ltdr a! dr (2) +

-A
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3 Nul (Td 3(3) Td properties. The transition probability
d ci dT - T) function gives the outcome of a colli-

10i£ sion and has a complicated mathematical
(6d) expression ( 7 ). Physically, it deter-

mines whether the outcome of a collision
,3 ! N + is coalescence or separation. The cr1-

- - tenion for drop separation after colli-
son is that the rotational energy of
the coalesced drop pair exceeds the sur-

p .VP (e) face energy required to reform the ori-
a~ s  DA ginal drops from the coalesced pair.

For the coalescence efficiency, Ecoal,
Equations of State which is the probability of coalescence

given that collision has occurred,
O'Rourke and Bracco give the expression

+ (7a) E coalmin(2.4f* r 2 e' (8)

1Dt1l-v21 rl

ha - (Cp v + c., mc)T e T (7b) where We = r< 2

and c, is the surface tension coefficient.
b1 (Td) cpv Td - L(Td) (7c) The function f*

r2 _( 3 r 2 r 2f*( ) 3 -2.4( 2) +2.(-2 (9)L(Td ) -Lre f + (Cpv C) (Td-Tref) (7d) 2 2 2 2

Equation 1 is the traditional spray
equation (9 ) plus two new terms that
account for the heating of drops and for has the value of 1.3 for r2/r1 = 1 and
drop collisions and coalescence. The 3.8 for r2/r1 = 2, and behaves as
term 3(ftd)/aTd was tested for the first (r2/r1 )

3 when r2 /r1 approaches infi-

time in the present study and accounts nity. The process of drop re-separation
for the effects of unsteady drop heating (called grazing collision by O'Rourke
and a distribution of drop temperatures. and Bracco) is important. Without it,
The integral on the right hand side that is if all collisions are assumed to
accounts for the effects of drop colli- result in coalescences, unphysically
sions. The collision efficiency E 12 , large drops result (7).
which has been demonstrated by O'Rourke In the gas phase mass, momentum
and Bracco to have essentially a value and energy conservation equations, the
of 1 in the present application, modi- integrals on the right-hand sides repre-

fies the following collision frequency sent the exchange functions. They are

between drops having velocities, sizes the sum over all drops at point x and
and temperatures in the implied range: time t of the rate of mass, momentum,

and energy exchanges between each drop
f(xvl,rl,Td t)f(xv 2 ,r2  ,t) and the gas; thus they involve the rate

1 2 of drop radius change R, vlocity change
wTr 1 4r 2 )2 IV '2I F, and temperature change Td"

The rate of drop radius change R
dldrldTdldX2dr2 dTd2 "  is found by solving equations (6a)-
The portion of the integrand within the (6c) simultaneously for the unknown
brackets gives the sources (given by the drop surface temperature Ts, surface va-
transition probability function,o) and per mass fraction Yva, and R. After R
the sinks (given by the delta and Ts are found, t~e rate of drop
functions,6) of drops of velocity v, temperature change d Is obtained from
radius r, and temperature Td, due To ( 6d). The. drop acceleration F, given
collisions between drops with subscript by equation ( 6e), has two
1 properties and those with subscript 2 contributions: one due to aerodynamic
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drag Ea and the other due to the mean For each drop, after a turbulent corre-
pressure gradient which has been shown lation time Tt, a new value of u' is
to be important In some applications by chosen. Dukowicz (11) took thi5 Iorre-
O'Rourke (7 ). In Equations lation time to be constant. O'Rourke
( 6a)-( 6e), there are three unknown (7) took it to be the residence time of
functions; the drag coefficient CD, and a drop in a turbulent eddy of size i
the gas and liquid phase Nusselt num- found from
bers, Nu and Nup, respectively. After
a detailed survey of experimental and 1Ck1 /2i
theoretical studies of fluidized beds, Dt - (14)

heat transfer in regular arrays of
spheres, and packed beds, O'Rourke pro-
posed the following correlations to
account for the effect of the gas volume with the optimized constant Cj = 0.045.
fraction, e, Tt is then given by

24 -2.65 Re2/ 3 -1.78 (10)
D('R ) --- e) £t (t')- g(t')d (15)

1/2e -1 5 R 2P in (14B) (11) where ug(t') is the mean gas velocity
g B at the drop position at time t'.

Y -Y A detailed derivation and discus-

Y - sion of the equations of the thick-spray
where B - s is the transfer number. model Is given in Reference 7.

r 1The axisymmetric transient motion
s of a liquid spray is computed from the

beginning of the thick spray regime to a
Equations (10) and (11) were used downstream region where the spray is

in the present non-evaporating and eva- very thin. The computational mesh used
porating studies with the Nu - 1 and Pr is shown in Fig. 1 . For all the cases

0.7. studied, the cells were smallest near
The effect of turbulence on the gas the nozzle exit, where Lr = 0.05 cm

phase are accounted for by the terms and Lx = 0.1 cm. Away from the nozzle
involving Dt in Eq. (3 )-(5 ), where exit, the size of the cells increased in
Dt is the turbulent diffusivity, and was both the axial and radial direction with
assumed to be equal to that of turbulent corresponding expansion factors of 4%
gas jets and related to the kinematic and 7%. A total of 44 cells in the
momentum (10) axial direction and 26 cells in the

radial direction were used, giving the
computational domain a length of 9.5 cm

6(.-- U2 )1/2 (12) and width of 3.2 cm.
t 6 4 inj )  The top and right boundaries were

treated as open boundaries, the left

The turbulence effects on the drops are boundary as a solid wall and drops and

calculated by adding to the mean gas gas injected from the cell of the
velocity, ug, a fluctuating component, left boundary next to the axis of sym-

u'g, when -omuting the aerodynamic dra metry. The condition on the top boundary

Torce F and he gas phase Nu3selt . allows for free entrainment from the sur-
number-u U'g Is chosen randomly from roundings. The pressure at the top and
an isotro~i; Uaussian distribution with right boundary were assumed to be uni-
mean square deviation 2/3k, where k is form and equal to the ambient value to
the turbulence kinetic energy and is simulate the free spray conditions.
assumed to be a fixed fraction (C a All the computations were initiated
0.20) of the local mean flow kinetic at that axial location of the spray
energy, as is the case, approximately, where the Initial gas volume fraction,
in the downstream part of steady gaseous eo, is approximately 0.9. Gas and liquid
jets were injected with equal axial velocity

U o , computed by using conservation of
32 momentum, that Is somewhat lower than

k C _9 (13) the liquid injection velocity, Uin, in
turn calculated with a discharge coef-
ficient, CDis, estimated from the
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9.5cm

E

r
t t i

xINJECTOR

Fig. 1 - Computation domain

experimental data of Bergwerk (12). The developed by O'Rourke (7) was employed
procedure to compute Un was explained by for the present study with some modifi-
O'Rourke and Bracco (6 ). The initial cations. This code incorporates the
spray angle and mean size of the drops basic methodology of the stochastic par-
was computed using correlations proposed cel method of Dukowicz (11) as well as
by Reitz and Bracco (13) for the atomi- additional features added by O'Rourke to
zation process. They were able to show improve its accuracy and extend its
that under the condition of applicability. Typical examples are:
(C /P,)(Re,/We,)2> > 1, the measured ini- compressibility effects were included by
tiil pray hal angle, ej, Is correlated a modified form of the ICE technique,

well by h the momenta equations were cast in con-
servation form, and the swirl velocity

tan [4r ( /Q)0 (16) equations were added for the liquid and
ta C i 6 gas. Use of the ICE method obviates the

need to observe the Courant sound speed
where the proportionality constant, Ce, restriction on the size of the com-
depends on the geometry of the nozzle. putational time step. Detailed descrip-
For example, for straight round holes,Ce tion of the iteration procedure used in
increases when the length-to-diameter the code and the momentum exchange
ratio of the nozzle Increases. Reitz calculation are given in Reference 7.
and Bracco argued that the corresponding The modifications we have made to
initial mean drop size should be corre- O'Rourke's code for the present study
lated by include: 1) a numerically more efficient

2 [3 grazing collision calculation procedure;
=MgS B[4Tlo/gir) ( (17) 2) a new implicit iteration scheme to

compute the time advanced liquid parcel
where the constant B is independent of temperature for evaporating sprays; 3)
the nozzle geometry and of order gravitational acceleration in the com-
one, but no experimental verification of putation of the liquid parcel velocity;
Equation17 has yet been provided. Note 4) and algorithm for the evaluation of
that in this expression, the initial the drop velocity distribution function
mean drop size SMRo is predicted to and the axial distribution of mean drop
decrease when the chamber gas density size. More Information on these modifi-
increases. However the computed cations and other spray computations can
downstream mean drop size is found to be found In Reference 8.
increase with Increasing gas density due In Figure 2 drop parcels and gas
to collsions and recombination (6 ) and velocity plots of a typical computation
In agreement with the measurements of are seen at three times during the trans-
Hiroyasu and Kadots (1). ient. In Figure 3 typical gas temperature

The computer code and fuel vapor contours inside the jet are
LDEF(kagrangian Drop-Eulerlan Fluid) shown for a vaporizing spray. In general,
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Fig. 3 - Typical computed gas temperature and
vaporized fuel mass fraction inside a
vaporizing spray

any function of the dependent variables

can be evaluated, plotted, and studied.

PULSATING SPRAY COMPUTATIONS

In Figure 4 computed tip penetra-
tion rates are compared with those
measured by Hiroyasu and Kadota at the
three different gas (nitrogen)
pressures of 1.1, 3.0, and 5.0 MPa.
They used Diesel-type fuel and Injec-

__.______ -__"._____ tion system and a single straight-hole
nozzle 300 um in diameter and 6.67 in
length-to-diameter ratio. Since their
experiment was at room temperature thegas density also changed. The computed
results are of Cases #i, 2, 3 of Table
t where more information is given aboutthe conditions of the various cases.

In the computations the tip of the.............. : i~ '" : spray was identified with the location
!:TILA LILLLL L: at which the instantaneous, axial,

center-line velocity reaches 70% of its
steady state value. It correponds
roughly to the center of the head vor-
tex. The reason for this choice is
explained in Reference 8. All com-
putations were made with the same model
constants.

For each case, the tip penetration
• * ... "result of Fig. 4 is the ensemble

average of five different computations
each with different random number
sequences. The agreement is seen to beFig. 2 - Some typical results of a computation: good. The computed and measured

drop parcel and gas velocity maps downstream drop size distribution func-
tions and corresponding Sauter mean
radii for the three oases are shown in
Fig. 5, in the coordinates of the
incremental volume fraction,
1/VT dV(r)/dr, versus drop radius, r.

IL Ill I . .. . IIIkII" I '- Ii l , _ .
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Fig. 4 - Tip penetration rates, computed with
continuous injection, compared with 0 20 1 40 1 60 -o 100

those measured by Hiroyasu and '( ml
Kadota (1)

It is observed that the agreement is 3X8o- ?I - PMS("ASLOE*C 40 3-(P...OM-a)

not good for the high ambient pressure -----

(5.0 MPa) in which the computations MC/ " l , 0, 1

predict larger drops than measured.
However, on one trend the computed and
measured downstream drop size do agree: 0 60 120 ISO

when the chamber pressure increases, ( )

the downstream Sauter mean radius also
increases.

This is in spite of the fact that Fig. 5- Downstream drop size distributions.

in the computations when the gas den- computed with continuous injection,

sity increases the size of the injected compared with those measured by

drops decreases (See Table 1), since Hiroyasu and Kadota (1)

the injected drops are considered the
outcome of the liquid jet atomization
process and their maximum angle and
mean radius are computed with Equations

Table I - Input Parameters of Computations

CASE Pinj Pamb CDIS Uin j U0 0 o  SMR 0 ! Dt PRAT 6t D T Vg T E

* PPaPa IP a's ,Wd OiMRmds c n-1 us an K g/o 3 K g/an
3

1 9.9 1.1 0.7 10.2 9.92 0.9 3 .0785 6.67 .0043 900 0.5 0.03 300 .0126 300 0.84

2 9.9 3.0 0.7 9.03 6.91 0.88 1.5 .0993 6.67 .0039 900 0.5 0.03 300 .0344 300 0.94

3 9.9 5.0 0.8 8.64 5.92 0.87 1.2 .1220 6.67 .0037 900 0.5 0.03 300 .0577 300 0.84

CR MTDC CDIS UInj Ap SHRO 0, Y Pinit T init PinitD T9  P, T1 To

dog M1 Pi 1um Rad g/on3  K at, =n K g/ 3 K g/0 3 ib

4 20 30 .65 16.2 4000 4.0 1.8 .0698 1.4 .0012 360 1.0 0.02 860 .0077 300 0.84 500

5 20 30 .65 14.4 3000 4.0 2.5 .0698 1.4 .0012 360 1.0 0.02 660 .0077 300 0.84 500

6 20 30 .65 14.4 3000 4.0 1.6 .0924 1.4 .0014 360 1.5 0.02 860 .0131 300 0.84 500

7 19.2 20 .65 16.2 4000 4.0 0.9 .1045 1.4 .0013 300 .1.1 0.02 700 .0164 300 0.84 500

a 19.2 20 .65 16.2 4000 4.0 0.9 .1045 1.4 .0013 300 1.1 0.02 550 .0164 300 0.84 500

9 20 20 .65 14.4 3000 4.0 1.6 .0900 1.4 .0012 360 1.0 0.02 994 .0125 300 0.84 500
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16 and 17. But the initial drops different ambient pressures as shown in
collide and recombine within the spray Table 2 in the column of steadying
as they move downstream. The collision time.) Then we sample the drops and
frequency increases with drop number compute its size distribution at the
density and relative velocity and the axial location x = 7.6 cm downstream of
coalescence efficiency increases with the injector orifice and over the volume
decreasing drop size and relative velo- bound by the two planes x = 7.4 cm and
city. When the gas density increases, x = 7.8 cm by averaging over a time
the initial drop number density increa- interval. The duration of the interval
ses and the drop size decreases, both is determined by the condition of no
resulting in higher collision frequen- further significant changes in the com-
cies and recombination rates. The puted distribution, and varies from
decrease in drop relative velocity case to case, as also shown in Table 2
reduces the collision frequency (as Av) in the column of sampling time. The
but increases the coalescence efficiency distributions thus obtained correspond
more markedly (as (Av) 2 , see Equation also to those that would be measured by
8). Thus the net effect of increasing drop collection techniques if the
the gas density is a strong increase in gathering of drops occurs far
the coalesce of drops. Coalesce occurs downstream and is continued over a time
mostly near the injector and tapers off that is much longer than the transient
rapidly downstream as the spray fans start up and shut down times of the
out. In Figure 6, the Sauter mean injections.
radius of the cross-section drops is While inquiring as to the possible
shown versus the distance from the reasons for the disagreement in the
injector for the three sprays after computed and measured distributions for
they have reached their respective the high pressure case, we first made
steady states within the first 9 cm from sure that the computed results were
the injector. The initial rapid growth insensitive to the various parameters
and subsequent leveling off of the mean of the numerical solution. We varied
radius is evidenced. independently the numerical time step,

To understand the possible cause At, the parcel injection rate, and the
of the disagreement between predicted coalescence efficiency Ecoal as shown
and measured drop sizes at high gas in Table 3 and studied their effect on
density, the computational method used the drop size distribution function at
to determine the size distribution of selected cells (8). All the other
Fig. 5 needs to be explained. After input parameters were kept the same
the spray tip has penetrated out of the (Case #3, Table 1). It was observed
outflow boundary of the computational that increasing the time resolution and
domain, the calculation is continued the parcel injection rate had little
until the spray reaches its steady con- effect on the results. The effect of
figuration at that boundary. (The real varying coalescence efficiency slightly
time of this transient is different for was not marked, in part due to the

stochastic technique used, and even
though the total elimination of grazing
collision has been demonstrated by

60 O'Rourke and Bracco to result in unphy-
sically large drops. Finally, that the

30 spatial resolution is adequate had
already been demonstrated (6,7).
Thus it was concluded that numerical
errors were acceptably small and could

30 -2 not be responsible for the discrepancy.
Next, we re-examined the experi-

20- mental method used by Hiroyasu and
Kadota and found that they had employed
Diesel type pulsating injections with
an injection duration of the order of 3
ms for the cases with which we compared

0 2 3 4 5 6 7 (but the exact duration was not spelled
• '," out in all oases). Since such period

Fig. 6 - Computed Sauter man radius of the is of the same order as the computed
drops i the curosssecd of the steadying time at the 7.6 cm downstream
drops in the cross-section of three section, and since Hiroyasu and Kadota
sprays (Cases #i, 2, 3 of Table 1) used a drop collection technique, we
after reaching steady state
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TAble 2 - Parameters of Studv of Continuous vs Pulatins Tnleccions

CCNTINLUOS INJCTIaN PULSATING 1II"ClN
Hiroyasu & Duration of

Case Pamb Kadota's [I] Steadying Sampling Computation Computation
# (MPa) Injection Time(ms) Time(ms) Injection After End of

Duration (ms) Duration (ms) Injection (ms)

1 1.1 -3.0 2.6 3.0 3.0 4.0
3.0 4.0

2 3.0 3.0 to 4.0 5.2 6.1 4.0 4.0
4.0 4.0

3 5.0 3.0 to 4.0 7.6 6.13.40
4.0 4.0

Table 3 - ParAmeter of sonsittvitv Study

5XKb
2 

O r 
3
p9

CO
M
PUT  

1 e 1 IMPo)

4

Case 't Particle Injection coefficient of 3 DISPUTED
a '_.s) Rate imSl1) E ol2 MESRE 1

3 0.5 900 2.4 ,
3B 05 1800 A,1 .0 4 0 8 0

3A 0.5 1802.4
3B 0.5 1800 2.16 0 20 40 60 so 100

3C 0.2 1800 2.4 r m)

3D '. 3600 2.4 Tx 0
2  

24 ,l(M ASURED)

6
E" 5 - 2 lDAMS, 3 mpo)

decided that our sampling technique may 4 *2o.,COMs,,D)

be inappropriate for the comparison. I couTD
So, in a second set of calculations, we 3

computed the injection for the same dura- 2 -/ . MASUED l,

tion of the experiment. Then we
continued the computation for an addi-
tional 4 ms for all cases, simulating 0 20 o
the flight of the drops away from each
other and toward the collection pan in
the experiment, and finally we counted 6X o-.
all drops that had flowed out of the S1.2,TB.-.I ASUREDI1,

computational domain through theZ 5. 2p5ICOIPu?2ow ) 03(PA.9-50M a

outflow boundary, if any, and those 4-

that still remained inside the domain. 3. -COMPUTED
The drop distribution functions 2 - CsuRCD'Ll

computed with 3 ms injections are I
presented in Figure 7. Several Impor-
tant differences with respect to the 2o 4o rr -GO -so ioo
results for the continuous injection
are noticed in comparing Figure 7 with
Figure 5. For all three gas pressures
(actually the gas density is the impor- Fig. 7 - Downstream drop size distributions,
tant parameter), the drop distributions computed with 3 us injections, com-
from short injections shift toward the pared with those measured by
smaller drop sizes. The shift is H wroya u and Kadosu (1)
progressively larger as the gas density y
increases. The computed distributions
are now in much better agreement with
the measured ones at all gas densities.
The difference with respect to the con-
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tinuous injection is particularly
marked at the highest gas density where
the short injection computation does 4. *2, 1.. oMPo
not yield anymore very large drops and
the computed SMR Is reduced from 40.18 2

to 25.55 Um versus 27.5 um of the 2 -&,,-,°,,

experiment. In a third set of com- '
putations we used an injection duration T 00 40 GO 00of 4 ms, instead of 3 ms, and the com- :

puted distributions shifted back toward -
I  

-. .
larger drops (see Figure 8) but not *XP C
nearly all the way to the distributions *3,P.oMPo
of the continuous injection. Also 4
interesting is that the computed tip 3
penetration rates changed very little
with injection duration. In par- 2
ticular, in the second study, for the I /
two high ambient pressure cases (#2 and 20 4 - C W so

*3), at the moment the injection is cut
off, the tips have penetrated only
about two-third and one-half of the Fig. 8- Downstream drop size distributions,
computational domain respectively, and computed with 4 ms injections, compared
yet their subsequent penetrations with those measured by Hiroyasu and
followed very closely the curves of the Kadota (1)
continuous injection even after the end
of injection. If nothing else, the
above findings demonstrate again (6) enced by each of the parcels separately.
that the tip penetration is not sen- Since the axial speed of the entrained
sitive to the variation of upstream gas is largest along the axis, the
injection conditions whereas the drops of later pulses move faster
downstream mean drop size and, most of along the axis and catch up with drops
all, the size distribution are. of earlier pulses first. As pulses

The above results are the net out- follow each other more and more clo-
come of the interaction of several sely, the continuous injection limit is
controlling processes, as clearly evi- reached in which drops along the axis
denced by the complexity of the of the jet penetrate all the way to
equations,, and attributing them to a the back of the head vortex and add to
few parameters implies over- it the new momentum that propels it.
simplifications and inaccuracy. Accordingly, pulsating a spray allows
Nevertheless it is clear from the com- drops to move apart from each other and
putations that some parameters are leads to smaller drop relative velocity
more important than others. The main thus reducing collision frequency and
effect is droplet coalescence. coalescence, and ultimately giving

The high velocity drops in a short smaller drops downstream.
pulse coming into a quiescent gas with Hiroyasu and Kadota (1) measured
initially divergent trajectories (the this trend and had suggested the
initial spray angle) rapidly move away correct reason: "the Sauter mean
from each other and slow down while diameter increases with an increase in
transferring their momentum to the gas. the number of injections; this is pro-
The rapid decrease of the drop number nounced at high pressure. It may be
density and relative velocity brings mainly due to the coalescense of suc-
about a decrease in collision and cessive sprays. The probability for
coalescence rates. the coalescense increases with an

But the initial momentum of the increase in ambient gas pressure."
parcel of drops is large due to their As explained earlier, coalescence
high density and initial velocity and increases markedly with increasing gas
the speed imparted to the entrained gas density so that the difference between
is also large and tending to the drop continuous and pulsating sprays is also
velocity. A second pulse of drops that more noticeable at higher gas densities.
is injected into the already moving However, the reasons for the pre-
gas, slows down less markedly and dicted tip penetration rate to be
in fact catches up with the first par- essentially-the same for pulsating and
cel producing collisions and coalesce continuous injections remain unclear.
above those that would have been experi- Since the average momentum flux of a

' I I Ii , i ,
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pulsating spray is smaller than that of the radius of many direct injection
the corresponding continuous spray, the stratified-charge and Diesel engines.
predicted rate of momentum transfer Had the computed liquid core length
from the spray to the surrounding gas been of the order of tens of cen-
must also be smaller for pulsating timeters, we would have concluded that,
jets. But a more detailed study of even considering possible inaccuracies
this specific aspect is necessary to of the model, sprays were likely to be
isolate the mechanism of this predicted present In all such engines. Had the
scaling. computed length been of the order of a

few millimeters we would have concluded
LIQUID CORE LENGTH that sprays are not likely to be pre-

sent in such engines and the gas jet
Earlier computations of spray in representation is correct. But the

Diesel-type environments (14) showed closeness of the computed liquid core
that the drops vaporize completely length to the typical cylinder radius
within a certain distance from the led us to the conclusion that, in such
nozzle exit. Since the injected drops engines in some situations one may
have different radii, move at different observe mostly sprays and in others
velocities within the spray, are mostly gas jets. This conclusion would
exposed to different gas temperatures be strengthened if it could be shown
and vaporized fuel concentrations, and that the computed liquid core length is
actively collide and coalesce, one can- sensitive to the differences in the
not readily identify a typical drop and spray parameters of different engines
a typical vaporization time. (on the other hand, insensitivity would
Nevertheless, it is convenient to sche- lead to the conclusion that the same
matize the process and state that in condition, whatever that may be,
the trajectory of the typical drop of should be observed in all engines).
the spray a maximum penetration is Thus we undertook the sensitivity study
reached that corresponds to its vapori- reported in this section. The parame-
zation time. Beyond this penetration, ters varied were injection velocity,
only the larger drops, vaporized fuel, chamber gas density, chamber gas tem-
and entrained air exist and the steady perature, and injection timing (Cases
liquid injection at the actual nozzle 4-9 of Table 1).
plane becomes equivalent to a gaseous EFFECT OF INJECTION VELOCITY -
injection at the maximum penetration shown in Figure 10 is the computed tip
plain, as far as the subsequent deve- penetration vs time of Case #4 which
lopment of the jet is concerned, corresponds to the injection of Diesel

We called the maximum penetration fuel at 300 BTDC into the compressed
of the liquid the liquid core length air of an engine with compression ratio
and illustrated the process in the of 20. On the left are the fuel vapor
sketch of Figure 9. mass fraction contours, and on the

We also noticed that the computed right are the corresponding parcel
liquid core length was of the order of location plots at subsequent times.
a few centimeters, that Is, similar to The solid line was obtained by iden-

tifying the tip in terms of the 20%

steady total mixture (gas, vapor, and
O VAPMAW liquid) momentum (8). It follows clo-

sely the fuel vapor mass fraction con-
tours and shows continuously increasing
penetration of the gasified fuel

as the steady injection of liquid fuel
persists. The dashed line was obtained
by tracking the tip of total drop sur-

4,00110 / _ EPAface and mass (8). It indicates that
---- ........ very few drops penetrate past about 7.3

-- ------ cm from the injector even though steady
2 C. injection of liquid continues.

LENGTm The corresponding results of Case #5,
. which has a lower liquid injection

2 3 4velocity, are given in Figure 11.
1" Decreasing Ap, the penetration of the

gas jet decreases but the length of the
Fig. 9 - Sketch of penetrations of gas and liquid core increases slightly. The

drop tips and liquid core length smaller momentum of the jet results in

#AI
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9.000- CASE* 4 --

6.750- --L4 4 I ---

. ii I'iix (CM) -" S
1 :

4.500 -

/1'- . .

2.250" h '4i: _

1.125

0 2 3 4 5

Fig. 10 Gas tip penetration and liquid core
length of Case #4 of Table 1

slower gas tip penetration but the results of Case #7 which corresponds to
lower injection velocity results in the injection of Diesel fuel at
larger initial drops (Equation 17 and 200 BTDC into the compressed air of an
Table 1), longer vaporization time, and engine with compression ratio of 19.2.
longer liquid core. In Figure 14 are the results of Case #8

EFFECT OF GAS DENSITY - Cases #5 which has lower gas temperature than
and 6 differ only on account of the Case #7. It is observed that
chamber gas density as shown in Table increasing the gas temperature, both
1. Shown in Figure 12 are the computed the penetration rate of the gas jet and
penetration rates of Case #6. the length of the liquid core decrease.
Increasing the gas density, both the This is mostly due to higher chamber
penetration rate of the gas jet and the gas temperature resulting in higher
length of the liquid core decrease. drop evaporation rate and smaller con-
This is mostly due to the higher den- servation of the momentum by the jet.
sity of the entrained gas decreasing EFFECT OF INJECTION TIMING - Fin-
the penetration due to conservation of ally, a combination of gas temperature
momentum. But the decrease In the li- and density changes are considered.
quid core length is particularly large Shown in Figure 15 are the results of
due at least in part to smaller drops Case #9 which corresponds to the injec-
having been formed by atomization and tion of Diesel fuel at 200 BTDC into the
vaporizing faster (Equation 17 and compressed air of an engine withTable 1). compression ratio of 20, whereas Case

EFFECT OF GAS TEMPERATURE - Cases #5 shown previously corresponds to
#7 and 8 differ only on account of their injection at 300 BTDC. Since Case #9
gas temperature. Shown In Figure 13 is has both higher gas temperature and
the computed tip penetration vs time higher gas density, it results in



13

h 11i

9.000 CASE# 5 .

6.750 .. . . ...'"'": Iii .. : I
3I.~

X: (CM III P.ll
4(cm) l 44.

! V

2.250 1 
C..

1.125 - ,, L
5

0 2 3 45
t(ms)

Fig. 11 - Gas tip penetration and liquid core
length of Case #5 of Table 1.
Injection pressure lover than in
Case #4

smaller penetration and shorter liquid liquid core is of the order of the
core as expected from the previous two chamber radius and drops are observed
comparisons. It is significant that and drop vaporization is controlling,
retarding the injection by 100 results whereas under other not-too-dissimilar
In a predicted 40% reduction of the conditions, the length of the liquid
liquid core length. core becomes very small and only

The model used in the computations gaseous jets are detected and mixing Is
is very recent and has undergone only controlling. This may explain why in
limited testing. Thus it is unlikely the field of Diesel combustion, some
that the predicted liquid core length have held the view that vaporization is
Is very accurate. However, Its magni- fast and fuel jets can be considered as
tude and its sensitivity to injection gaseous jets, while others have held
and chamber conditions is likely to be the opposite view that the development
correct. Thus it is possible that of sprays and the vaporization of drops
under certain engine design and opera- are controlling.
tion conditions, the length of the

.... . ..... ... .. 4 -. -' . , ,,A
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9.000 CASE* #6 -~. ~

ni
6 750 -~' i

4500 i

2.250 -a-

0 1 23 4 5

Fig. 12 -Gas tip penetration and liquid core
length of Case 06 of Table 1. Gas
density higher than in Case 05
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9.000 CASE #7 ''~~

6.750 I

x (CM) .....

4.500-

1.125 7 .

0 1tt(ms)

Fig. 13 Gas tip penetration and liudcore
length of Case *7 of Table 1
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Fig. 14 - Gas tip penetration and liquid core
length of Case #8 of Table 1. Gas
temperature lower than Case 07
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9.000- CASE# 9
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x~~ m ) i ..., ..........701;1: llJ!;

P I
2.250 , :-*

1.125- - h 4I'-- .

0 2 3 45

Fig. 15 -Gas tip penetration and liquid core
length of Case #9 of Table 1. Gas

density and temperature higher than
in Case #5

CONCLUSIONS LIQUID CORE LENGTH - Computations
with the same model have also shown

PULSATING INJECTIONS - Computa- that the liquid core of sprays from
tions with a recently developed model single-hole straight nozzle, under the
for thick sprays have shown that for conditions of direct-injection
the same upstream and gas conditions, stratified-charge and Diesel engines,
pulsating injections result in smaller achieves a maximum length beyond which
drops than continuous injections. This only the largest of drops, vaporized
is due to the inhibition of collisions fuel and entrained air propagate. The
and coalescence of drops. The gap in liquid core length decreases with
between the pulses allow the drops to increasing gas temperature (due pri-
move apart, thus reducing the colli- marily to faster vaporization), injec-
sions and coalesce frequencies. Since tion pressure (due primarily to smaller
collisions and coalescence are more initial drops), and, most of all, with
frequent at high gas densities, the increasing gas density (due primarily
effect is more noticeable under such to the higher inertia of the entrained
conditions. However, tip penetration gas and to smaller initial drops). For
rates are not markedly different for Diesel-type environments, the liquid
continuous and pulsating injections, core length is of the order of cen-
These trends in drop sizes and penetra- timeters and sensitive to the liquid
tion rates may be pertinent to the and gas conditions. This may explain
problem of achieving control of the why in some Diesel engines, and under
fuel distribution within combustion certain conditions, sprays have been
chambers, observed (and even used to impinge on



walls) whereas In other engines and con- p Pressure
ditions primarily gaseous jets have
been found. Pr Prandtl number

NOMEtCLATURE Pv Equilibrium vapor
NOMENCATUREpressureI

CDIS Discharge coefficient of Pinit Pressure at beginning of
nozzle compression

cl Liquid specific heat Pinj Fuel injector upstream
pressure

cpg Gas specific heat at
constant pressure Pamb Chamber gas pressure

Cpi Inert species specific r Radial coordinate or drop
heat at constant pressure radius

c Vapor species specific R Radius of calculation
sptcistt spec domain or drop radius

heat at constant pressure change (z dr/dt)

CR Compression ratio Universal gas constant

deff Effective orifice diameter Re Reynolds number

D Nozzle orifice diameter SMRo  Initial drop Sauter mean

Dt Turbulent eddy diffusivity radius

t Time
Ecoal Coalescence efficiency

E12  Collision efficiency Tinit Temperature at beginning
of compression

f Drop distribution function Td Drop temperature

F Drop acceleration Td Time rate of drop temperature
dv/dt) change

Ea Aerodynamic drag on a drop Tg Mean gas temperature

hg Gas enthalpy

h Liquid enthalpy SYMBOL DEFINITION

k Turbulence kinetic energy

Ts  Drop surface temperature

Turbulent eddy size, Tenoze legthT Temperature of injeoted
nozzle length liudpre

liquid parcel :

L Length of calculation Boiling temperature of

domain liquid

L Latent heat of ug vovaporzatin gMean gas velocity
vaporization -4

Fluctuating component of
SYMBOL DEFINITION gas velocity experienced

by a drop
Nug Gas phase Nusselt number Us Parcel injection velocity

Nu L  Liquid phase Nusselt
number

I Im | II I . .. "g, . . . -
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Utji Liquid injection velocity Pg Gas mass per unit gas volume

r2(P inJ-Pamb)] P'g Gas mass per unit mixture
C volume e pg

Drop velocity Pt Liquid density

WI Inert species molecular
weight SYMBOL DEFINITION

WV Vapor species molecular
weight a Transition probability

function for collisions
We, Jet Weber number

Z Pg Uinj2 D/o0 ci Surface tension of liquid
We Drop coalescence Weber number Correlation time for fluc-

tuating gas velocity along
x Coordinate in the direc- the path of a drop or turbu-

tion of jet axis lent stress tensor

Position in physical space Ap Effective injection
pressure (Pinj-Pamb)

y Coordinate in the radial
direction 6t Numerical time step

¥I Inert species mass PRATE Particle injection rate
fraction Subscript

SYMBOL DEFINITION i Laminar or liquid

Yv Vapor species mass o Jet exit plane
fraction

t Turbulent
YVs Drop surface vapor mass

fraction in Initial value specified at
jet exit plane

y Ratio of specific heats
CL Location on jet centerline

8 Vold fraction (mean gas
volume fraction) off Effective quantity

9o Gas volume fraction in the s Averaged property over a

injection cell drop's surface

ej Spray half-angle Superscript

lg Viscosity of gas - Mean value

Viscosity of liquid Dimensionless quantity

Kinematic viscosity or
collision frequency

6 Dirac delta function ACKNOWLEDGEMENTS
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ABSTRACT

A scaling law for transient and steady, non evaporating

and evaporating, sprays is reported. It is deduced through

parametric studies with a set of coupled two-dimensional un-

steady conservation equations for gas and liquid. The equations

are solved numerically with a deterministic Eulerian scheme for

the gas and a stochastic Lagrangian scheme for the drops. Thick

sprays effects, such as drop collisions, followed by either co-

alescence or re-separation, and the influence of gas volume

fraction on the rates of exchange of mass, momentum, and energy

between drops and gas, are included.

It is found that the characteristic velocity is the injec-

tion velocity; the characteristic length is a function of nozzle
diameter, nozzle geometry, liquid and gas densities, and drop

transfer number; and the characteristic time is the ratio of

the two. Defining the instantaneous position of the spray tip

as the location at which 70% of the steady state centerline velo-

city is first reached, a unique function is determined for its

penetration rate. The function is shown to compare favorably

with classical experimental and theoretical tip penetration rate

equations. It is also found that the 70% steady velocity is

reached within the head vortex so that a transient spray, prac-

tically, is a steady spray except within its head vortex.
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INTRODUCTION

In Diesel and stratified-charge engines, liquid fuel is intro-
duced into hot compressed air at high velocity often through small,
cylindrical passages. Typically, the nozzle diameter is 100-300 Pm,
the length-to-diameter ratio 4 to 8, and the injection velocity is
of the order of 104 cm/s. Under such conditions, fine sprays are

observed to form at the nozzle exit and, subsequently, to penetrate
the gas and to vaporize. The process that leads to the formation of
the very small drops very near the nozzle exit has been called
atomication. In the atomization regime both drop diameter and jet
intact length are of the order of a few microns.

Even though sprays in the atomization regime have received con-
siderable attention, many important details of their structure are
still poorly understood.

It would appear that the initial breakup of the outer part of the
cylindrical liquid jet into fine drops near the injector is due to
aerodynamic interactions between the liquid surface and the surround-
ing gas that force the selective and rapid growth of surface pertur-
bations in turn initiated within the nozzle [1,2].

However, the inner structure of the jet in the innediate
vicinty of the nozzle exit is now known and not likely to consist of
clearly demarked drops surrounded by minute amounts of gas, but
rather of mingled and rapidly changing liquid and gas continua. This
has been called the churning flow regime [3,4] and could extend some)
ten nozzle diameters downstream of the nozzle for typical spray angles
of 10*. At that distance, on the average over the spray crosis sec-
tion, the volume occupied by the liquid is 10% of the volume of the'-
jet and the distance between the surfaces of neighboring drops about
equal to their diameter. Due to their small separation, drops are
likely to influence directly each other's rates of transfer of masst
momentum, and energy with the gas. Also collisions and coalescence
can be expected. This is the thick spray regime [3,5]. Further
downstream, in the thin spray regime [3,51, the interdrop distance
becomes much larger than the drop diameter, drops interact with each
other only indirectly, and the spray should behave as a gas jet.
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In this paper, the transient and steady state scaling of thick
sprays is studied but under the idealized conditions of impulsively

started, constant velocity injections in infinite, initially quies-

cent, compressed air. Vaporization is allowed but not combustion.

The study was conducted with a model for thick sprays that is of

recent development but has given satisfactory results in comparisons
with several sets of experimental data. The coupled conservation equa-

tions for gas and liquid are solved numerically with a deterministic

Eulerian scheme for the gas and a stochastic Lagrangian scheme for the

drops. The intricate computational technique was devised by Dukowicz

[61 and further developed by O'Rourke and Bracco [3,4]. Dukowicz did

not consider evaporating sprays, collisions and coalescence, and the
effect of the gas volume fraction on drop drag.

O'Rourke and Bracco extended Dukowicz's approach to account for

thick spray effects. From the fields of fluidized and packed beds, heat

transfer in regular arrays of spheres, and cloud physics they derived

expressions for the influence of gas volume fraction on the rates of ex-

change of mass, momentum, and energy between the drops and the gas and

for drops collisions, whether followed by coalescence or simply altered
trajectories. In their preliminary applications, they reached the con-

clusions that: a) drop collisions and coalescence are important in
thick sprays and account for the difference between the relatively

large drops measured downstream of non-vaporizing sprays, and the rela-

tively small drops formed upstream by the jet atomization process; b)
contrary to intuition, gas volume fraction effects on drop drag are not

very significant; and c) drop sizes are more sensitive to the details

of the structure of the spray than tip penetration rates.

In the following sections, first a brief description of the model

is given including some typical results and some comparisons with

measurements. Then the question of the definition of the spray tip is
considered. Finally the scaling studies are reported and the specific

application to the penetration rate of fuel sprays is discussed.

LO
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THE MODEL

The equations of the model for the transient and steady

state of nonevaporating and evaporating thick sprays are those

of O'Rourke and Bracco 13]. They are:

Spray Equation

a f V -(fv) + V * (!) +T -f)+

d

1 2

! ff(x'vI'rlT dl t ) fx'v 2 r 2' T d2 Pt) 7(r I+r2)2

Iyl-!21 E1 2 (x,vl,rl,v2 ,r2 ,t) {o(v,r,Tdvl,rl,Td,

v 2 ,r 2 ,Td2,xt) - 6 (r-r1 )
6 (v-vl)6 (Td-Tdl

)

- 6 (r-r2)6(v-v2)6(Td-Td2)} drldvldTd dr2dv2dTd2 (1)

Gas Mass Equation

,+ V * ~u )-n 2 R.t 4rP fdrdvdTd (2)

Vapor Mass Equation

+ V. ( +Yvag) = V- ( gDtVY v ) -III42 rRptfdrdvdT (3)
at g - V J9-

Gas Momentum Equation

+ V'i U (A!g ) + Vp =VT-1 f1 4ir 2 Rv
at -tJ

+1 ,Tr3] fdrdvdTd (4)

3 d--
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where =1 t Dt[vu~ + v T 2 V u I]

Gas Energy Equation

+ V-0 h 82E +u *Vp) +-pcDV
at . g- at gcpDt g]

-I!fpL{47rr2 R[h (Td) +I (v -2) 2

+ ± vr 3 Fa- (u+u Iv) + CLd drdvdTd + r Vu (5)

Equations Determining Exchange Rates

a)g Nu 9 -i v (6a)
C p9 2r 1-Y v

- k Nu Nu X
b) = r Tq) [ (TgT - (TsTd)H (6b)

Y
v

Wv PV (T s)
C= Vp (6c)

v  I
S +

d) Nu (T-T) + 3 (Ts-T) (6d)d -2 L6sd r sd

e) F - F a  Vp + G (6e)

P IU_+U'-v)

where F 3 - £ -
-a 8 P ~ r -!g-g V)D

Equations of State
Y v Y I

a) p- p RT ( + I )  (7a)

b) h - (cp Yv + cPiYi)Tg - cp Tg (7b)

C) h (Td) - cpTd - L(Td) (7c)

d) L(Td) -L(Tref) + (c Pv-C) Td-Tref) (7d)

AI
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Equation 1 is Williams' spray equation [7) plus two new

terms that account for unsteady drop heating and a distribution

of drop temperatures (D(fAd)/aTd) and for drop collisions and

coalescence (the integral on the right hand side). The collision

efficiency E12, which is close to 1 in the present application,

modifies the collision frequency (i.e. f(xvl,rlTd ,t) f(x,v ,

r2 ,Td ,t)ff(r 1+r2)2 I!l-v2I dvldrldT dV2dr2dTd ). ietween drops

with iubscript 1 properties and those with subicript 2 properties.

The portion of the integrand within the brackets gives the

sources (given by the transition probability function,o) and the

sinks (given by the delta functions, 6) of drops of velocity v,

radius r, and temperature Td, due to collisions between drops

with subscript 1 properties and those with subscript 2 properties.

The transition probability function determines whether the out-

come of a collision is coalescence or separation. Its mathemati-

cal expression is complicated [4]. The criterion for drop separa-

tion after collision is that the rotational energy of the

coalesced drop pair exceeds the surface energy required to re-

form the original drops from the coalesced pair. For the re-

sulting coalescence efficiency, Ec , which is the probability

of coalescence given that collision has occurred, O'Rourke and

Bracco give the expression

r2
Ec = min(2.4f ) , 1.0) (8)

r r1 We 0

Pi plyl- X212 rl
where We o£ - rlr1  r 2

and a£ is the surface tension coefficient and the function f*

is of order one when r2/r1 is of order one:

f 2(r)- () - 2 .4 (ri)2 + 2 .7 (i) (9)

r r1  r1  rl

j
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In the present application, most of the colliding drops have

radii of similar magnitudes so that the Weber number in equation

(8) is important, the coalescence efficiency is generally <1.0,
and drop re-separation (called grazing collision by O'Rourke

and Bracco) is important.

In the gas phase mass, momentum and energy conservation
equations, the integrals on the right-hand sides represent the
exchange functions. They are the sum over all drops at point x
and time t of the rate of mass, momentum, and energy exchanges
between each drop and the gas; thus they involve the rate of
drop radius change R, velocity change F, and temperature change
Td"

The rate of drop radius change R is found by solving equa-
tions (6a)-(6c) simultaneously for the unknown drop surface

temperature Ts , surface vapor mass fraction Yv , and R. After
R and Ts are found, the rate of drop temperatule change Td is
obtained from (6d). The drop acceleration F, given by equation
(6e), has a contribution due to aerodynamic drag Fa and one

other due to the mean pressure gradient which has been shown to
be important in some applications 14]. In equations (6a)-(6e),
there are three unknown functions; the drag coefficient CD, and
the gas and liquid phase Nusselt numbers, Nug and Nu£, respec-
tively. After a detailed survey of experimental and theoretical
studies of fluidized beds, heat transfer in regular arrays of
spheres, and packed beds, O'Rourke and Bracco proposed the fol-
lowing correlations to account for the effect of the gas volume

fraction, e,

Re 2/3
24 -2.65 e 8-1.78)CD(8,Re) _j Re( 8 -  + d6 (10)

D d Red + 6

ReN-7/2 3 ln(l+Bd)

Ng [2e - 1 7 5 + 0.6(--) Bd d

where Bd (Y-Y )/(l-Y ) is the drop transfer number.

In the present studies we set Pr- 0.7 and Nu.-l.



The effect of turbulence on the gas phase is accounted for

by the terms involving Dt in equations (3)-(5), where Dt is the

turbulent diffusivity, and was assumed to be equal to that of

turbulent gas jets and related to the kinematic momentum [8)
Dt n0.01rD2 2 1/2

0.01614 nj (12)

The turbulence effects on the drops are calculated by adding to

the mean gas velocity, u, a fluctuating component, u', when

computing the aerodynamic drag force F and the gas phase Nus--a
selt number Nu. ul is chosen randomly from an isotropic Gaus-
sian distribution with mean square deviation 2/3k, where k is

the turbulence kinetic energy and is assumed to be a fixed frac-
tion (C= 0.20) of the local mean flow kinetic energy, as is the

case, approximately, in the downstream part of steady incompressible

jets

k = C3 1 u2  (13)

For each drop, after a turbulent correlation time it' a new value

of u' is chosen. Dukowicz [6] took this correlation time to be
-g

constant. O'Rourke and Bracco [3] took Tt to be the residence time
of a drop in a turbulent eddy of size t found from (C. - 0.045)

Dt = Ckk 1/2k (14)

and it is then given by

t f tlv(t') - g(t')Jdt' (15)

at

where ug(t') is the mean gas velocity at the drop position at

time tI.

A detailed derivation and discussion of the equations of

the thick-spray model is given in Reference 4.

All the computations were initiated at that axial location

of the spray where the initial gas volume fraction, 8., is

approximately 0.9. Gas and liquid were injected with equal

axial velocity UO , computed by using conservation of momentum,

that is somewhat lower than the liquid injection velocity, Uinj ,

in turn calculated with a discharge coefficient, CDIS , estimated
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from the experimental data of Bergwerk [9]. The procedure to

compute U0 was explained by O'Rourke and Bracco [3].

The initial spray angle and mean size of the drops was

computed using correlations proposed by Reitz and Bracco [1]
for the atomization process. They were able to show that un-

der the condition of (p£/p ) (Re./We) 2 >>l , the measured ini-

tial spray half angle, eh, is correlated well by
tan - 1 147r(P /P )h (16)

where the proportionality constant, C8 , depends on the geometry

of the nozzle. For example, for straight round holes, C8 in-

creases when the length-to-diameter ratio of the nozzle increas-

es. Reitz and Bracco argued that the corresponding initial mean

drop size should be correlated by

SMR0 = B[4 lo(a/pgU nj) 1 (17)

where the constant B is independent of the nozzle geometry and

of order one. Note that in equation (17) the initial mean drop
size SMRo is predicted to decrease when the chamber gas density
increases. However the computed downstream mean drop size is

found to increase with increasing gas density due to collisions
and recombination [3,10] and in agreement with the measurements

of Hiroyasu and Kadota 11].

The computer code LDEF (Lagrangian Drop, Eulerian Fluid)

developed by O'Rourke [4] was employed with some modifications.
This code incorporates the methodology of the stochastic parcel

method of Dukowicz [6] in which the two-dimensional unsteady

Eulerian equations for the gas and the Lagrangian equations for

non-vaporizing drops are solved fully coupled. Most significant
was Dukowicz's stochastic treatment of the drops. O'Rourke im-

proved the accuracy and extended the applicability of the method

by: allowing for drop vaporization; including compressibility

effects (by a modified ICE technique that removes the Courant
sound speed limitation on the time step); casting the momenta

equations in conservation form; and adding the third momenta
equations for the tangential motion of gas and drops. But the

a i I I I I "" ' I I I I III I I I II
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most significant contribution of O'Rourke was to account for

the first time for direct drops interactions such as colli-

sions, coalescence, and the effects of the gas volume fractions

on the exchange rates of mass, momentum and energy between the

gas and the drops.

We extended O'Rourke's program by including: a numerically

more efficient grazing collision calculation procedure; a new

implicit iteration scheme to compute the time advanced liquid

parcel temperature for evaporating sprays; gravitational accel-

eration in the computation of the liquid parcel velocity; and
an algorithm for the evaluation of the drop velocity distribu-

tion function and the axial distribution of mean drop size.

In the computational mesh, the cells were smaller near

the nozzle exit where Ar- 0.05 am and Ax= 0.1 cm. Away from the
nozzle exit, the size of the cells increase in both the axial

and radial direction with corresponding expansion factors of

4% and 7%. A total of 44 cells in the axial direction and 26
cells in the radial direction were used, giving the computa-

tional domain a length of 9.5 cm and width of 3.2 cm.

The top and right boundaries were treated as open boun-

daries, the left boundary as a solid wall and drops and gas in-

jected from the cell of the left boundary next to the axis of

symmetry. The condition on the top boundary allows for free
entrainment from the surroundings. The pressure at the top and

right boundary were assumed to be uniform and equal to the am-

bient value to simulate a spray in a semi-infinite gas.

The accuracy of the numerical solution of the equations is

checked indirectly by reducing spatial and temporal increments
and increasing the particle injection rate until the results

become acceptably insensitive to them 14,10]. The accuracy of

the model is checked by comparisons with measured data. Thus

O'Rourke and Bracco 13,4] compared computed tip penetration
rate and the downstream drop size distribution with those mea-

sured by Hiroyasu and Kadota 111] in one Diesel-type injection
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and drop size and velocity distributions with those measured by
Groeneweg et al [12] at several locations within a spray from a
swirl atomizer.

We made additional comparisons [10] with more of the data
of Hiroyasu and Kadota (Cases #1, 2, and 3 of Table 1). In
Fig. la, computed and measured tip penetration rates are given
for different gas pressures (and densities since the experiments
were at room temperature) of 1.1, 3.0, and 5.0 MPa. The agree-
ment is seen to be good. The computed and measured downstream
drop size distributions (and corresponding Sauter mean radii)
for the three cases are shown in Fig. 2 in the coordinates of
incremental volume fraction, (i/VT)dV(r)/dr, versus drop radius
r. It is observed that both computed Sauter mean radii and com-
puted distributions compare favorably with the measured ones.
All computations were made with the same model and model constants.

Shown in Fig. lb is the computed typical structure of an
impulsively started vaporizing spray. Even though steady in-
jection persists, the tip of the liquid core reaches a maximum
penetration past which only the largest of drops propagate.
However the tip of the gas jet, which is made up of vaporized

liquid and entrained ambient gas continues its propagation. As
far as the gas jet is concerned, the liquid injection is equiva-
lent to a gas injection at the end of the liquid core length.
Other typical results are given in Fig. 3 where drop parcels and
gas velocity plots for a non-vaporizing spray (Case #1 of
Table 1) and gas temperature and vapor contours inside a vapori-
zing spray (Case #4 of Table 1) are shown at three times during
their respective transients. In general, any function of the
dependent variables can be computed, plotted, and

studied.

Further information on the model, the method of solution,
comparisons with measured data, and computed structure of thick
sprays can be found in References 3 and 6 and all details in
References 4 and 10.
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DEFINITION OF SPRAY TIP

The few parcels of drops leading the spray seen in Figure
3a represent few large drops that have conserved their initial

momentum better than most of the drops. They are unlikely to

be picked up by most measuring techniques and to be identified
with the experimentally determined position of the spray tip.

In fact, the definition of the tip position is a function of the

experimental technique used to measure it. Thus, for example,

if a flash of back light is used, the greatest contract will be
noted where the total surface of the drops undergoes a sudden

increase. The problem of defining the tip is even more complex
for evaporating sprays since drops no longer exist past an

appropriate downstream station but a gas jet continues its propa-

gation.

Accordingly, the following quantities were explored for

possible use in the definition of the tip: a) The maximum axial

distance from the injector of any liquid parcel - This was the

definition used by O'Rourke and Bracco; b) The axial distribution

of the centerline velocity - This is the quantity often used in
incompressible jet studies; c) The axial distribution of total

mixture momentum; d) The axial distribution of total number of
drops; e) The axial distribution of total drop surface - This is

likely to be the quantity measured by photographic techniques

based on the scattering of light; f) The axial distribution of

total drop volume.

Figs. 4a1 - 4a5 give the axial distribution of the total

mixture momentum of Case #1 at t - 1.2 ms. The five curves are

from five computations of the same case but with different random

number sequences. Fig. 4a6 gives the ensemble average of the
five computations. Since the drop model is stochastic, the same

I.
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case is computed several times with different random number

sequences and the results are averaged thus obtaining average
values and standard deviations (the "error" bars of Fig. la)

in complete parallel with common experimental procedures. The mean

value of the plateau in Fig. 4a6 is the flowrate of momentum of

the injection, which remains constant on any cross section of the

steady jet, and the local deviations from it decrease with in-
creasing number of computations. As shown in Fig. 4a6, the

transition to steady state occurs very rapidly and fractions
of steady state values can be selected to identigy the position

of the tip of the spray at any given time. Figs. 4b114b2 , and

4b3 show the instantaneous axial distribution of, respectively,

total axial momentum, total drop surface, and total drop volume
from one computation of the same Case #1 (non-vaporizing spray)

at t = 1.2 ms. The three functions are seen to increase rapidly

at about the same location thus identifying similar positions

for the tip at t = 1.2 ms.

We concluded that definitions c), e), and f) yield similar
locations for the tip of non-vaporizing sprays. For vaporizing
sprays, definitions e) and f) show that the spray penetrates only

up to a certain depth, called the liquid core length in Fig. lb,

whereas definition c) tracks the continuously increasing penetra-

tion of the head vortex. Beyond the liquid core length, the head
vortex is made up of vaporized liquid and entrained gas. The liquid

core length roughly corresponds to the vaporization time of the

average drop.

More precisely, from figures similar to Fig. 4, at each
axial position, one can determine the time when any specific

fraction of the steady state value of any quantity is first reached.
We call such a t-vs-x plot the steadying time curve for that

fraction of that quantity. If a specific fraction of a specific
quantity is selected to represent the tip of the spray, the

corresponding steadying time curve becomes the familiar tip pene-
tration curve. However there is no fundamental reason to select
any fraction of any quantity to represent the tip. In fact, the
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selection should be made corresponding to the needs of the
given application or measuring technique.

It was also found that the steadying time curves based on
70% uCL,steady and on 20% steady momentum coincide throughout
the propagation of the spray. That is, the two thresholds are

always reached at the same time at all axial locations. The
same occurs for the 99.9% uCL,steady and 85% steady momentum.
Moreover, 70% of t-he steady state centerline velocity is first

reached within the head vortex. Thus, practically, in an im-
pulsively started transient spray, the transition to steady
state occurs mostly within the head vortex and the stem is
always in steady state. Incompressible laminar and turbulent

jets were found to exhibit the same properties [10,13).

Later in the next section we will use the classical 70%

UCL,steady definition for the tip. It identifies the trajectory
of a point within the head vortex for both non-vaporizing and
vaporizing sprays. When drops are present, on the centerline

the velocity of the gas and the average velocity of the drops
are found to be very nearly equal.
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SCALING

In looking for the scaling law of transient, impulsively

started sprays, at each axial location, we plotted the steadying
time curves for selected quantities and for each spray. Then we

looked for characteristic time and length scales that, for each

selected quantity, would bring together the steadying time curves

for all sprays. The selected quantities (and their steady state

fractions) were the center line axial velocity (70% and 99.9%) and

the total axial momentum (20%, 85%, and 99.9%). In general, one

universal steadying time curve is obtained for each selected

quantity and steady state fraction. But the characteristic time

and length scales are the same for all quantities and fractions.

In the search for the characteristic length and time scales

of sprays we were guided by our findings for incompressible

laminar [10] and turbulent [10,13) jets. There the characteris-

tic velocity was always the injection velocity so that the char-
acteristic time became determined as soon as the characteristic

length was identified. The characteristic length turned out

being D ReD for laminar jets and D Re0.053 for turbulent jets

but both can be written as D/tane since for laminar jets

tan h %ReD 1 and for turbulent jets tane h ReD (a= 0.053).tan8D a%.03) Thus,
formally, both jets have the same length and time scales

(D/tane.; D/U injtane.) and nozzle diameter, injection velocity,

and initial jet angle are the important quantities for scaling.

We extended this information to sprays as described below.

1. Effect of orifice diameter (same nozzle geometry).

Using case #1 as reference (Table 1), in case #9 only the ori-
f ice diameter was halved corresponding to changing the nozzle

size but not its geometry. Figure 5 shows steadying time curves

based on 70% of UCL,steady. It can be seen that the spray pene-

trates less rapidly when D is halved. Decreasing the diameter reduces
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the jet momentum, that goes as D2 , more than the loss of momen-
tum to the surrounding fluid, that may be expected to be related

to the jet surface and to go as D, and a smaller penetration

rate results. In analogy to laminar and turbulent incompressi-

ble jets, the orifice diameter and the injection velocity were

tried as possible length and velocity scales and found success-

ful in correlating the effect of orifice diameter as shown in
Fig. 5.

2. Effect of injection velocity. The above finding also

suggested that if the injection velocity is changed, D and
D/Uinj may still be the appropriate scales. This was confirmed
by cases *10 and #1 that differ only in injection velocity.

3. Effect of nozzle geometry (same orifice diameter).

In the atomization regime, by changing the nozzle geometry the
initial angle of the spray can be varied and, the larger is the
angle, the smaller the penetration rate because of the enhanced

entrainment. Cases #11, 12, 13 differ from cases #1, 2, 3
respectively only in the initial injection angle (Table 1).
Again,recalling that for laminar and turbulent incompressible

jets effective nozzle diameters could be defined that included

the jet angle, the same approach was tried for sprays. Indeed,
the injection velocity and D/(Tane8) 0.25, as characteristic

effective length, were found to be adquate to scale the effect

of nozzle geometry.

4. Effect of gas density. In the atomization regime, in-

creasing the gas density changes both the initial angle of the

spray, as (pg/pL)h from equation (16), and the initial size of
the drops, as p 9-from equation (17). It also increases the drop

collision and recombination rates, equations (1) and (8), ulti-
mately leading to larger drops [10]. The larger spray angle and

gas inertia in turn lead to smaller penetration rates but the
larger drop size has the opposite effect. The computations show

that on balance the larger the gas density the smaller the pene-

tration rate. This suggested that the effect of gas density may

be accounted for by considering an effective orifice diameter
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that decreases as the gas density increases. Modification of

the nozzle diameter by the factor p9  led to a good correla-

tion for cases differing mostly in gas density (cases #1, 2,

and 3, and also cases #11, 12, and 13).

5. Effect of liquid density. Although the liquid density

does not vary much for practical liquids,it can be expected to have
an effect opposite to that of the gas density and the ratio of

the two is the simplest dimensionless parameters that may ac-

count for both. In case #15 the liquid density is 40% smaller

than in case #2 (Pg/p, changes the same amount from case #2 to

case #3 but on account of different gas densities) and the two

cases scale with p. as expected.

6. Effect of gas temperature. When the gas temperature

is raised, the vaporization rate increases and the tip penetra-
tion rate decreases. The trend is the same as that given by a

decreasing orifice diameter. Thus an effective diameter could

possibly exist to scale gas temperature effects. Since the

vaporization rate depends on the transfer number (BT Cp (Tg

Tt,initial)/L, where aL is at T,initial), an effective d ameter

of the form D(l+BT) was tried and, with a=-0.45, was found

adequate to bring together the steading time curves of cases #1,

5, and 6 that differ only in gas temperature.

7. Effect of multiple changes. Since the equations of the

model are highly nonlinear, there is no a prJori reason to expect

that the same correlations are sufficient when many parameters
are changed simultaneously. However they worked well for cases

#1, 2, 3, 11, 12, and 13 that, in various combinations, differ

simultaneously in three (UinjO1,Pg) of the six parameters,

in cases #1 and 4 that differ in four parameters (U in e,T9 Pa)
and in cases #1 and 8 that differ in five parameters (Uinj, NO,
D,Tgfpg).

S. Length and time scales. Summarizing the above find-

ings, the characteristic length, velocity, and time scales for

the axial properties of transient (and steady) impulsively start-
ed sprays in the atomization regime are:

' I I II I I I I J I0
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Characteristic Length

deff , D(tane,)-0.25 (P£/p l M+BT)-0.45

Characteristic Velocity

U inj  '(18)

Characteristic Time

deff/Uinj

Typical steadying time curves are given in Figure 6. As pre-

viously explained, each curve gives the time necessary for the
selected variable first to reach the specified fraction of its

steady state value at any given axial location. The curves are
valid for all sprays. Differences among sprays are accounted for
by the characteristic scales given by equation (18).

9. Tip Penetration Rate. If the tip of the spray is assumed
to be at the location at which 70% of the steady state centerline
velocity is first reached, then the 70% ucL,steady curve of
Figure 6 gives the position of the tip versus time. A suitable

fit for this curve is

x* - 0.656 t* 0 "6 62  0.6 < x* < 7.0 (19)

When Uinj and the expression for deff from equation (18)are replaced
in the above equation and terms are regrouped so as to isolate
the various parameters, exponents of the parameters are derived
that can be compared with the exponents of tip penetration corre-
lations proposed by other authors and obtained through theoretical

considerations or curve fits of experimental data. The comparison

is made in Table 2 which is an extended version of one presented
by Hay and Jones [14). It can be seen that the proposed expo-
nents are in general agreement with those already in the litera-

ture.

Actually, the seemingly small differences among the various ex-

ponents of Table 2 are significant, in our opinion. The exponent
0.662 for the time dependence from equation (19) is adequate only

within the indicated range of dimensionless distances. Near the

.. . , - _j!
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injector the exponent tends to 1.0, i.e., x a Uin) t and convec-

tion is controlling. Sufficiently downstream the exponent should

tend to 0.5, as for turbulent incompressible jets, but our field

of integration extended only to 9.5 cm. Thus a single exponent

for the time dependence of the tip position masks the physics of

the problem and leads to inaccuracies. As mentioned earlier,

different experimental techniques give different instantaneous

positions for the tip depending on the quantity to which they are

sensitive. If we had used a quantity other than the 70% uCLsteady
we would have arrived at a different exponent. The

duration of the injection, the steadiness of the back pressure

and the design of the nozzle influence the tip penetration rate

but are not always properly documented in experimental studies.

Thus it is not always obvious for which experiments the expo-

nents of the various quantitier of Table 2 should be the same and

for which experiments the exponents, or even the quantities,

should be different. Finally the scaling quantities themselves
are uniquely determined by experiments or computations only if

the proper parameters are varied over adequately broad ranges.

Thus within the narrow range of our computations, (T /T )-0.5

was found to correlate temperature effects at constant density
as well as (I +B T)'0.45 because within the computed range the

two coefficients happen to give very similar values. This is not
a drawback when correlations are used within the ranges for
which they were obtained but is confusing when the controlling

physics is sought.

CONCLUDING COMMENTS

Our main results about impulsively started thich sprays are: the

evidence that non-vaporizing and vaporizing thick sprays scale up

in time and space and that the transition to steady state occurs
mostly in the head vortex; the identification of the injection

velocity as the characteristic velocity; the suggestion that the

characteristic length is a function of nozzle diameter, nozzle

geometry, liquid and gas densities and drop transfer number; the
warning that the tip position is a vaguely defined quantity which

ii, i i II I I I I [ i II I I I " i ] ' A
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is a function also of the measuring technique; the evidence that

the spray penetration length is initially proportional to time

and then progressively slows down until it becomes proportional

to the square root of time far downstream in the thin spray

regime.

)The above conclusions were reached through numerical solu-

tions of a recently developed complex model. So far the model

has predicted correctly difficult trends and even magnitudes but

it has undergone only limited tests, some aspects of the process

are still poorly understood, and well characterized experimental

data are still scant. We believe that the main consequence of

new and better knowledge will be the improvement of the expres-

sion for def f , not the change of the above stated general con-

clusions.
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NOMENCLATURE

Bd  drop transfer number
BT spray transfer number

CD drop drag coefficient

CDIS discharge coefficient of nozzle

cl liquid specific heat

cpg gas specific heat

c P gaseous inert specific heat

c vapor specific heatPv

deff effective orifice diameter
D nozzle orifice diameter

Dt  turbulent eddy diffusivity

E c coalescence efficiency

E12  collision efficiency

f drop distribution function
F drop acceleration

F aerodynamic drag on a drop-a
G gravitation acceleration

h gas enthalpy

h£ liquid enthalpy
I unit tensor

k turbulence kinetic energy

£ turbulent eddy size, nozzle length
L length of calculation domain

L latent heat of vaporization

Nu gas phase Nusselt number

Nu. liquid phase Nusselt number
p gas pressure
Pr drop Prandtl number - c i g/A

p1  g
Pv equilibrium vapor pressure

Pinj fuel injector upstream pressure

Prate particle injection rate
r radial coordinate or drop radius
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R radius of calculation domain or time rate of change
of drop radius

R universal gas constant

2p Iu +ul-vlr
Red drop Reynolds number = 9 -g

ReD incompressible jet Reynolds number - pUinjD/)J
Pk ini D

ReL liquid jet Reynolds number - P.

SMRo  initial drop Sauter mean radius

t time

Td drop temperature
time rate of change of drop temperatured

T gas temperature
Ts drop surface temperature

T£ Idrop temperature at injection
Tref reference temperature

u CL steady center line steady state value of the gas axial
velocity
mean gas velocity

lfluctuating component of gas velocity experienced
by a drop

U parcel injection velocity 2(p. .-p)
U liquid injection velocity = CDIS i

v drop velocity

WI inert species molecular weight
Wv  vapor species molecular weight
We£ liquid jet Weber number - pg Uinj 2D/o I
We drop coalescence Weber number

x coordinate in the direction of jet axis
x position in physical space

YI inert gas mass fraction
drop surface inert mass fraction

Yv vapor mass fraction

Y v drop surface vapor mass fraction

6 Dirac delta function

dt numerical time step
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Ap effective injection pressure (PinJ -P)

6 void fraction (gas volume fraction)

e gas volume fraction in the injection cell

6 initial spray half-angle

A 9gas heat conductivity

At liquid heat conductivity
I g viscosity of gas

viscosity of liquid

collision frequency
pg gas mass per unit gas volume

0g gas mass per unit mixture volume = Op

p't liquid density
a transition probability function for collisions

Ck surface tension of liquid

T t correlation time for fluctuating gas velocity along
the path of a drop

turbulent stress tensor

I.
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FIGURE CAPTIONS

Fig. 1 Computed tip penetration rates: a) for three non-
vaporizing sprays, compared with measurements (11);
b) for a vaporizing spray, emphasizing gas tip and
liquid core length.

Fig. 2 Computed and measured [11] downstream drop size dis-
tributions at three ambient pressures.

Fig. 3 Typical computed transient spray structure: a) drop
parcels and gas velocity for a non-evaporating spray
(Case #1 of Table 1); b) gas temperature and vapour
contours for a vaporizing spray (Case #4 of Table 1).

Fig. 4 Axial distributions (Case #1 of Table 1) of: a) axial
momentum at t = 1.2 ms in five computations and their
ensemble average (a ); b) axial momentum (b ), total
drop surface (b2), Ind total drop volume 1b3I in one
computation.

Fig. 5 Effect of orifice diameter. Dimensional and dimen-
sionless steadying time curves for Cases #1 and 9 based
on the 70% ucL,steady definition.

Fig. 6 Steadying time curves for non-vaporizing and vaporizing
sprays based on 70% and 99.9% of the steady state cen-
terline velocity and 20%, 85%, and 99.9% of the steady
state axial momentum.
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